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Preface

Throughout its life on this earth, our human species has faced
a varied and ever-changing environment. We humans have enjoyed
great success. We have learned how to survive, and indeed how to
prosper, in winter’s cold and summer’s heat, and in environments as
diverse as Amazonian jungles, Saharan deserts, and arctic steppes.
We have not only adapted to the world as we found it; we have turned
forests into fields, bent rivers to water deserts, and wrested fuels and
goods from the earth itself.

Our success has not been achieved without cost. In exploiting
the earth’s riches for our ends, we are necessarily changing our planet
in myriad ways. Sophisticated observers on Mars would note not only
our cities, our highways, and the Great Wall of China, but also the
disappearance of tropical forests, rapid ch. ges in the composition
and radiative characteristics of our atmosphere, and the dramatic
annihilation of our protective ozone layer over the Antarctic. They
might speculate that further changes could eventually affect the
planet’s ability to sustain life. They might further suppose that
a species clever enough to produce such changes would be astute
enough to worry about them. Fortunately, they would be right.

Concern about the long-term changes humanity is inducing in its
planetary environment has indeed been mounting for some decades
in the scientific community, and for some years in the broader com-
munities of the general public. Fortunately again, this concern about
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human-caused change has built upon a long-growing scientific pre-
occupation with natural change in the earth. Scientists have learned
that the earth’s history has been characterized by ceaseless change,
that most of mankind’s history has been lived in a wintry glacial
age, and that our vaunted civilization has flowered in a single brief
interglacial summer. But while we have learned much about what
has happened, we still understand discouragingly little about why it
happened.

We have, however, learned that we have no hope of understand-
ing the changes of the past, and still less of predicting the changes of
the future, by looking piecemeal at one or another aspect of this com-
plicated planet. If we are concerned with the decades and centuries
ahead, we cannot ignore the linkages that have shaped the planet’s
past and present. The atmosphere has been largely manufactured
by life; the ocean’s currents have been driven by the atmosphere,
and the ocean’s living things have been nourished by airborne dust
and riverine sediments; and, throughout the ages, climate and life
have been inescapably intertwined. We must dare to seek an under-
standing of the earth as a single system of which we ourselves are an
increasingly important part.

This chalienge motivated groups of scientists in the early years
of this decade to advance the venturesome proposal thal science at-
tempt fully integrated studies of the long-term future and continued
habitability of the globe. These proposals led to searching studies of
the goals and requirements for research and observational efforts in
earth system science to study the problems of global change. Encour-
agingly, it was concluded that advances in our capabilities to observe
the earth, notably from the vantage point of space, and in our ability
to deal with massive and diverse data, made such a quest feasible.
Thus, advances in both understanding and capabilities led to pro-
posals for the development of an International Geosphere-Biosphere
Program (IGBP) to focus the efforts of the world’s scientists on the
problem of global change.

The objective of the IGBP is to develop the scientific understand-
ing needed to anticipate future changes in the earth system. Such
predictive information provides the foundation for decision makers
to develop policies that respond to global change. Thus, in addition
to the immense scientific challenge, the scientific community will
face the equally difficalt challenge of effectively communicating the
results of the IGBP to thcse responsible for formulating policies.

Turning such broad goals into concrete projects and plans is
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no casy task. It demands that scientists shed their long-embedded
traditions of narrow disciplinary study, and summon the courage
to attack together problems that are both exceedingly difficult and
surpassingly urgent. Within the United States, many elements of a
broad research program in the earth sciences are already being devel-
& oped within the federal agencies. These federal efforts will provide
the indispensable foundation for U.S. contributions to the worldwide
study of global change problems. In parallel, plans for the IGBP are
being elaborated by a Special Committee of the International Coun-
cil of Scientific Unions. Thus organized programs on the problems
of global change are currently in their preparatory phases, in which
scientific goals are being sharpened, potential projects explored, and
resource requirements identified. The task of the Committee on
; Global Change is to serve as a channel for information, advice, and
guidance among the U.S. scientific community, the federal agencies,
and the international planning mechanisms in the development and
implementation of these studies of global change.

The purpose of this report is to identify early U.S. contributions
to the internationally defined IGBP during this preparatory phase
of its planning. The initiatives proposed were based upon a review
by our committee of the current state of knowledge of the earth
system as seen from several discipline-oriented perspectives, These
: reviews were organized by various members of the committee with
: the involvement of numerous experts from the scientific community,

For example, small work:hops were held on biological systems and
‘ dynamics in terrestrial and marine systems, and on biogeochemical
§ dynamics. A number of experts were also consulted to provide com-
ments on background documents prepared by committee members
on the climate and hydrologic system and cn the human dimension
of global change. These efforts culminated in the background papers
included in Part II of this report,

These background papers provided the basis for a week-long
study by the committee, together with invited experts from academia
and government, held in March 1988 at Oracle, Arizona. The com-
mittee sought to identify a small number of scientific questions that
demanded to be addressed by the U.S. scientific community now, in
the preparatory phase of the IGBP, and regardless of the prograin’s
ultimate design. Thus the committee emphasized questions that
were fundamental to the understanding of long-term changes in the
earth system, and issues that—because they cut across conventional
disciplinary perspectives—were not being adequately addressed in
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ongoing programs. Part I of this report presents the results of that
analysis. As the international and national programs evolve, the on-
going dialogue within the scientific community on the questions that
need to be addressed will continue. Thus the committee expects io
supplement these recommendations regarding early initiatives in the
program with more complete studies, reviews, and scientific plans.
Ttroughout the preparation of this report, an enormous number
of people aided the committee. We are greatly indebted to the
scientists listed in connection with the individual background papers,
who gave so freely of their time to participate in workshops and in
the drafting and review of manuscripts. We also thauk the many
colleagues who reviewed early versions of the report.
A number of representatives of the federal agencies participat-
ing in the Committee on Earth Sciences of the Federal Coorinating
Council on Science, Engineering, and Technology have worked excep-
tionally closely with ou: committee, and have greatly enriched our
deliberations. Within the National Research Council, our committee
has operaied under the supervision, and with the steadfast support,
of an ad hoc coordinating committee consisting of the chairmen of 1
the Commissions on Physical Sciences, Mathematics, and Resources; :
Life Sciences; and Behavioral and Social Sciences and Fducation; '
and the foreign secretary. With the aid of these groups, we believe
that we have forged a new and uniquely productive form of inter-
action and partnership among many federal agencies with diverse
missions and many scientific disciplines with diverse concerns and
constituencies.
Finally, we are most appreciative of the suppart of the com-
mittee’s staff at the National Research Council: John Perry, Ruth
DeFries, Doris Bouadjemi, and Cristina Rosenberg;.

Harold A. Mooney, Chuirman
Committee on Global Change
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Summary of Recommendations

Human activities are currently leading to changes in the global
environment at virtually unprecedented rates, with potentially severe
consequences for our future welfare. Increases in carbon dioxide and
other greenhouse gases, concerns for climate change, the appearance
of the antarctic ozone hole and worldwide depletion of the ozone
shield, tropical deforestation, and a host of other changes in our
environment have captured the attention of scientists, the public,
and policymakers. The problem of global environmental change is
cructal and urgent.

For scientists, understanding the changes now in progress—both
natural and anthropogenic—and predicting their future course are
unprecedented challenges. New capabilities for observing the earth
and new understanding of natural processes have led to a new con-
ception of the earth as an integrated whole and to the development
of evolving, extremely broad research programs on globai change.
Such programs must draw upon the capabilities of scientists in many
disciplines and many nations and must build upon the foundation
provided by many ongoing national and international programs.

In the United States, the program on global change includes the
study of biogeochemical dynamics, ecological systems and dynamics,
climatic and hydrologic systems, human interactions, earth system
history, solid-earth processes, and solar influences. The fundamental
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paradigm is that the prediction and uitimate management of envi-

ronmental problems inescapably require development of a new earth

. 1stem science aimed to improve understanding of the earth as an

integrated whole. ,

In theinternational scientific community, the International Coun- 3

cil of Scientific Unions has organized the International Geosphere-

Biosphere Program (IGBP) to address the problems of global change.

The objective of the IGBP is

to describe and understand the interactive physical, chemical,
and biological processes that regulate the total earth system, the
unique environment that it provides for life, the changes that
are occurring :n this system, and the manner in which they are
influenced by human activities.

The IGBP is currently in its preparatory phase, during which
the program’s goals and research components are slowly evolving and
coming into focus.

In this report, a limited number of high-priority research ini-
tiatives are recommended for early implementation as part of the
U.S. contribution to the preparatory phase cf the IGBP. The rec-
ommendations are based on the committee’s analysis of the most
critical gaps, not being addressed by existing programs, in the scien-
tific knowledge needed to understand the changes that are occurring
in the earth system on time scales of decades to centuries. These
initiatives will build upon the capabilities of the U.S. program in
global change.

With this framework in mind, the committee recommends the
following:

‘.* i

gy

1. Research initiatives: The committee recommends that the
early U.S. contributions to the IGBP should focus on the following
five research initiatives that address key relationships in the earth
system:

o Water-energy-vegetation interactions to develop global mod-
els of the response of terrestrial ecosystems to changes in climate,
land and water use, and related factors, and to determine the recip-
rocal effect of such changes in terrestrial eccsystems on the climate
system on regional and global scales. This research initiative requires
an integrated approach of observations, experiments, and model de-
velopment.

o Fluzes of materials between terrestrial ecosystems and the
atmosphere and ocean to (1) improve understanding of ecosystem
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processes most important for determining fluxes of radiatively active :
gases between the land and atmosphere, in order to predict how ' :
changes in clinate and land use alter gas emissions, and (2) improve
understanding of the effects of land use changes on nutrient trans-
fer to river, estuarine, and ocean systems, especially to understand
consequent feedbacks to climate through, for example, long-term
changes in ocean productivity.

e Biogeochemical dynamics of ocean interactions with climate
in order to predict effects of climate change on ocean biogeochemical
cycles and the interactions of such cycles with climate via release and
absorption of radiatively active gases. The ocean’s capacity to se-
quester or release such gases—for example, carbon dioxide or organic
sulfur species—is directly and indirectly influenced by climate.

o Earth system history and modeling to document changes in
atmospheric composition, climate, and human activities to improve
and validate models of global change. A focus on periods of rapid
rates of change will provide insights into those changes that can be
expected to occur with rates predicted for the future.

e Human interactions with global change to analy. : changes
in human land use, energy use, and industrial processes that drive
changes in the earth system. Documentation of changes in such -
human activities over the last several hundred years and construction ;
of future scenarios of human activities that contribute to global o
change will be part of the effort. :
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Steering groups of experts should be formed to develop detailed ’?
research plans for each of the five initiatives proposed above, with
the committee assuring coordination and integration. ,
2. Supporting research: The U.S. component of the IGBP
should serve to strengthen, coordinate, and enhance support for 5
ongoing supportive activities in the earth sciences such as the World
Climate Research Program, the Global Tropospheric Chemistry Pro-
gram, the Joint Global Oceanic Flux Study, and related discipline- g
oriented research. J
3. Long-term measurements: In order to document global i
change and provide a basis for the IGBP research program as a i
whole, a long-term commitment from all relevant agencies for sus- i
tained long-term me. surements of key variables is required. An im- 1
portant element is an integrated Earth Observing System program
to coordinate space-based observations. *
4. Dataand information systems: All components of the IGBP, ‘§
i
|
]
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both U.S. and internat. nal, will require effective data and informa-
tion systems, capable of making available to research investigators
contemporary space- and ground-based data from observations and
experiments as well as historical data sets. Establishing and main-
taining an effective system for the diverse types of data that will be
generated by the IGBP require an innovative, flexible, and carefully
conceived approach. A Global Information System Test should be
implemented to test the end-to-end performance of the information
system.

5. International Geosphere-Biosphere Research and Training
Centers: A limited number of International Geosphere-Biosphere
Research and Training Centers should be established around the
world as major foci for international cooperation in research and
training for the study of global change. The centers would serve as ap-
propriate to provide bases for large-scale manipulative experiments, i
to establish links with other international and national re.earch and i
observational networks, and to serve as central repositories for ob-
servational and experimental results.

6. Interagency coordination: Interagency coordination between
the relevant U.S. agencies for implementation of the U.S. component
of the IGBP is essential to the effective management of the com-
plex program. Existing mechanisms for such coordination under the :
Federal Coordinating Council for Science, Engineering, and Technol-
ogy (FCCSET) Committee on Earth Sciences should continue to be
strengthened, and the adequacy of this mechanism to the task at
hand should be periodically reviewed.

7. Coordination of international activities: Innovative mech-
anisms should be developed for coordination of related activities
of international, intergovernmental and nongovernmental organiza-
tions, and many national groups of all kinds, with the IGBP. The
International Council of Scientific Unions should urgently address
the international institutional arrangements for the IGBP.

-ty
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Introduction

Rapidly evolving changes in the global environment have cap- ’
tured the attention of scientists, policymakers, and citizens around :
the world: the increase of atmospheric greenhouse gases such as ;

carbon dioxide, methane, and the chlorofluorocarbons; the expected
consequent changes in global climate and sea level; global deple-
tion of stratospheric ozone and the observed “antarctic ozone hole”;
widespread desertification in many parts of the developing world;
massive tropical deforestation and reduction ir the diversity of plant
and animal species; extensive damage to mid-latitud« forests; and
acidification of lakes and soils in many regions. At the least, these
changes have far-reaching and potentially disruptive ‘mplications for
the world’s natural resources. In the worst case, the changes collec-
tively threaten the life-support system of the earth. The problem of
global environmental change is crucial and urgent.

The scientific community is thus urgently challenged with pro-
viding to decision makers the best possible assessments of the future
course of the global environment, assessments on which policies to
mitigate and adapt to these changes can be based. Over the past
decade, efforts to translate the agenda of environmental problems
perceived by the public into a scientific agenda of clearly posed,
tractable, and prioritized research problems have led to a unifying
seminal insight: We cannot hope to understand fully or to predict
meaningfully the course of any single long-term environmental change

5
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without understanding the earth system as an integrated whole, the
changes in the system over the earth’s history, and the ways in which
anthropogenic activities interact with the system.

Contemporary advances in technology, such as the ability to
observe the earth from space and the rapidly accelerating capabili-
ties for data handling, numerical modeling, and telecommunications,
make such an ambitious venture possible at this time. Historically,
revolutionary scientific advances follow the development of each new
instrument that extends our vision of the real world. Invention of the
telescope opened our understanding of the universe. The microscope
led to revolutions in biology and medicine. Today, satellite-borne
sensors, worldwide communications systems, and supercomputers
permit u: to see our planet for the first time as an integrated whole.
Disciplinary advances that have led to current understanding of the
components of the earth system provide a launching point from which
an integrated view of the system can processed. Thus, because of
these advances in science and technology, understanding global envi-
ronmental change is not only urgent; it is now possible.

U.S. PROGRAM FOR THE STUDY OF GLOBAL CHANGE

Long-term changes in the earth have been addressed in a num-
ber of national and international programs (e.g., the Global Atmo-
spheric Research Program, its successor World Climate Research
Program, and UNESCO’s Man and the Biosphere Program) that
provide a strong foundation for continued progress. Most recently,
an extremeiy broad U.S. national effort in the study of global change
has evolved based on the conceptual foundation of earth system
science. This conceptual framework was developed in a multidisci-
plinary study by the Earth Systems Science Committee of the Na-
tional Aeronautics and Space Administration and has been used
extensively by the National Science Foundation and the National
Oceanic and Atmospheric Administration in planning their research
programs on global change (ESSC, 1988). The goal of earth system
science is to obtain a scientific understanding of the entire earth sys-
tem on a global scale by describing how its component parts and their
interactions have evolved over the earth’s history, how they function,
and how they may be expected to continue to evolve. Because of the
increasing evidence of potentially significant humnan influences on the
earth system, the U.S. program focuses on the research necessary to
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predict those changes that will occur in the next decades to centuries,
both naturally and through interactions with human activities.
Currently, the U.S. program on global change centers on the
study of the following seven elements identified by the Committee
on Earth Sciences of the Federal Coordinating Council for Science,
Engineering, and Technology (Committee on Earth Sciences, 1988):

o Biogeochemical dynamics to study the sources, sinks, fluxes,
and interactions between mobile biogeochemical constituents within
the earth system, with a particular focus on water, oxygen, carbon,
nitrogen, sulfur, phosphorus, and the halogens.

o Ecological systems and dynamics to study the responses of
ecological systems, both marine and terrestrial, to changes in global
environmental conditions and the influence of biological communities
on the atmospheric, climatic, and oceanic systems.

e Climatic and hydrologic systems to study the physical pro-
cesses that govern the climate and hydrological system—comprising
the atmosphere, hydrosphere (oceans, surface and ground water, and
so on), cryosphere, land surface, and biosphere.

o Human interactions to study (1) the impact of human activi-
ties on the global environment, including releases of nutrients, toxins,
chemicals, and trace gases and changes in the use and cover of the
land, such as desertification, and (2) the impact of changing global
conditions on human activities.

e Earth system history to uncover the natural record of environ-
mental change contained in rocks, terrestrial and marine sediments,
glaciers and ground ice, tree rings, geomorphic features, and other
direct or proxy documentation of past environmental conditions.

o Solid-earth processes that affect the life-supporting charac-
teristics of the global environment, especially those processes (e.g.,
volcanic eruptions) that take place at the interfaces between the
earth’s surface and the atmosphere, hydrosphere, cryosphere, and
biosphere.

o The solar influence, including studies of the atmospheric re-
sponse to changes in solar trends including variations in solar output
and the earth’s orbital elements.

THE INTERNATIONAL
GEOSPHERE-BIOSPHERE PROGRAM

Internationally, a new interdisciplinary program in which scien-
tists from many nations and diverse disciplines can work together
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to understand the earth as an integrated whole is being planned to
augment the ongoing efforts dealing with individual components of
the earth system. The internationally defined objective of the Inter-
national Geosphere-Biosphere Program (IGBP)—A Study of Global
Change, launched in 1986 by the International Council of Scientific
Unions (ICSU, 1986), is

to describe and understand the interactive physical, ° 2mical,
and biological processes that regulate the total earth system, the
unique environment that it provides for life, the changes that
are occurring in this system, and the manner in which they are
influenced by human activities.

Priority in the IGBP falls on

those areas of each of the fields involved that deal with the key
interactions and significant change on time scales of decades to
centuries, that inost affect the biosphere, that are most sus-
ceptible to human perturbation, and that most likely lead to
predictive capability.

Implementation of the IGBP clearly calls for interdisciplinary,
international research on an unprecedented scale. The success of
the program will depend on the ability to document global change
through long-term and sustained measurements of key variables in
the earth system through an expanded space- and ground-based com-
posite observing system. Modeling global change, a critical element
of the program, calls for extended research by interdisciplinary teams
employing advanced computational capabilities. Thus implementa-
tion of the program requires a long-term political commitment to
develop the scientific basis upon which policy decisions can be made.

The operational framework for the IGBP must include investiga-
tion and understanding of phenomena of time scales both shorter and
much longer than the decades to centuries scale for which predictive
capability is needed. Studies under the World Climate Research Pro-
gram of the response to the short-term phenomena of El Nifio, for ex-
ample, provide information about the modes and rates of response of
the biota to changing environmenta] conditions. Long-term phenom-
ena revealed in the record of the past provide essential background
against which these more immediate changes can be evaluated. Sim.
ilarly, although the focus of the program is on global scales, it must
include those regional-scale studies that are needed both to under-
stand the whole-earth system and to anticipate significant regional
impacts of global change.
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g{; The internaticnal scientific community is currently engaged in
f the preparatory phase of the IGBP under the guidance of the ICSU
e Special Committee for the IGBP. During this period, the progrem’s
g goals and research components will evolve and come into focus. Some
4 operational elements of the IGBP have already been initiated, and
¢

others will be implemented as planning is completed and funding
becomes available. The program is expected to be fully operational
in 1992. The U.S. initial contributions to the IGBP, discussed in this
report, together with U.S. contributions to related ongoing programs,
will form part of this evolving international effort.

OBJECTIVES AND ORGANIZATION OF THIS REPORY

, This report specifically proposes a limited number of early U.S.
. initiatives, based on the internationally defined goals for the IGBP,
’ that will contribute significantly both to our national interests and
to the IGBP. The proposed initiatives build on the several ongoing
national and international programs addressing problems of global
change relevan’, to the IGBP, notably the projects organized under
the World Climate Research Program and the U.S. National Climate
Prcgram. The proposed initiaijves are designed to supplement such
existing efforts, not to supplant them.

In formulating its recommendations, the committee had no in-
tention of constraining either the IGBP or the broad U.S. program
of research in the area of global change to only these specific early
initiatives. These areas for initial focus are intended to provide a
framework for early U.S. contributions to the IGBP rather than to
include all research that will ultimately need to be carsied out under
the IGBP. The appropriate content and priorities of the broad U.S.
effort on global change and the specific U.S. contributions to the
IGBP will continue to be the subject of review and assessment by
the committee.

The specific purposes of this report are as follows:
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* to articulate a number of important key issues and inter-
actions that characterize glchal change in the geosphere-biosphere
system on time scales of decades to centuries;

¢ toidentify the knowledge that is the most urgently needed to
improve understanding of those issues and interactions; and

 to formulate initial priorities for initial U.S. contributions

to the IGBP, recognizing the contributions of other ongoing and
proposed programs.
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Part I of the report constitutes the committee’s findings, while
Part II presents a group of background papers developed by working
groups under the coordination of members of the committee. These
papers were prepared in workshops and consultations organized by
the committee, and they discuss research needs from five perspectives
on the earth system: climatic and hydrologic systems, biogeochemical
dynamics, ecological systems and dynamics, human dimensions of
global change, and earth system history and modeling. These papers
provide a more complete indication of the range of issues considered
by the committee in reaching its conclusions.

Following this Introduction, Chapter 1 of Part I puts forward
specific recommendations for the initial U.S. research contributions
to the IGBP, based upon the background papers and the committee’s
analysis of scientific needs and gaps in existing efforts. Chapter 2
discusses supporting needs for program development, including long-
term measurements, information systems, and management mecha-
nisms.
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b Initial Research Priorities for U.S.
; Participation in the IGBP

In this chapter, the committee identifies a number of the most
critical gaps in our understanding of global change that most ur-
gently nced to be addressed in the initial U.S. contributions to the
IGBP. The several research initiatives that are recommended in this
chapter provide a framework for U.S. contributions to the IGBP in
the current planning stage of the program’s development. These rec-
ommendations are not intended to include all future research needs
for the program, but are intended to emphasize those issues not being
’ addressed by ongoing programs.

! The committee adopted the following criteria for selecting these
initial research initiatives:

e Theissue must be global in nature, and research conducted on
the topic must be expected to lead rapidly to a greater understanding
of global environme .ital change.

e The magnitude and breadth of the issue must transcend the

i T £ Faw s Rt s s S T

' boundaries of existing research programs and discipline-oriented en-

% deavors, making it unlikely that it.can be addressed within traditional

1 disciplinary studies.

! e The issue must be amenable to research, with significant

. progress expected in a period of a few to 10 years or with immediate .
! initiation required in order to build tire long-term monitoring and ;

13
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research base needed for sustained progress in understanding global
change.

The research initiatives are recommended on the basis of the
committee’s systematic review of the current state of knowledge
from five perspectives on the earth system: climatic and hydrologic
systems, ecological systems and dynamics, biogeochemical dynamics,
the human dimension of global change, and earth system history (see
the background papers in Part II for detailed discussions). From
these analyses—particularly from analysis of the interactions among
these five components of the earth system—and from a review of
related ongoing programs, the committee ide:tified a number of
questions about key relationships that are currently insufficiently
understood but essential to improving scientific abilities to predict
global change, for example:

o How is the climate system coupled to the dynamics of terres-
trial ecosystems, and, specifically, what are the feedbacks between
ecosystem dynamics and the hydrologic component of the climate
system?

» What factors control fluxes of radiatively active gares be-
tween the land and atmosphere and fluxes of biologically imnortant
elements from land to aquatic systems? What are the feedbacks
between climate change and fluxes of these materials?

e What are the flu::es of biogenic substances from the upper
ocean to both the atmosphere and the deep ocean? How do these
fluxes affect climate, and how does climate change affect these flux
rates?

e How is the coupling of human and enviornmental systems
altered by long-term global trends in social, economic, and techno-
logical developn.ent? How is the coupling altered by environmental
change itself,

RESEARCH INITIATIVES FOR EARLY IMPLEMENTATION

Answering these key questions about the earth system dernands
improved understandiag of the influences of tcrrestrial and Jceanic
biota on the climate system, and the interactions with the hydrologic
cycle, nutrient supply and transport, and surface climate conditions.
Answers also depernd on an understanding of how anthropogenic
activities generate trace gases through changing land use, energy
production, and industrial processes.
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The committee recommends that these gaps be addressed
through major rescarch iniviatives on each of the following topics:

o Water-energy-vegetation interactions—the coupling between
the climate system, especially its hydrological processes, and the
dynamics of terrestrial vegetation.

e Fluzes of radiatively active trace gases end nutrients to and
from the terrestrial biosphere.

e Biogeochemical dynamics in the ocean that regula.. formation ;
ard influence the ocean’s capacity to sequester or release radiatively ;
active gases, such as carbon dioxide and organic sulfur species, and
thair intoractinne with climate

e Earth system history and modeling to reconstruct the recorr
of tho past preserved in ice cores, sediment deposits, and other proxy
indicators of change.

e Human interactions with the global environment to document
and analyze land use changes and changes in industrial production
and consumption over the past several hundred years, and to create
useful scenarios of future changes in the processes that drive global ,
change.

Issues that need to be addressed in each of these initiatives
are discussed below. These discussions, however, only outline the
broad initiatives that should be pursued and illustrate the types of
experiments, modeling etforts, and observations that will be required.
D:tailed research plans and schedules must be formulated by groups
of experts engaged in the relevant research disciplines.

‘Water-Energy- Vegeiation Interactions

The committee recommends an observational and research
project—a water-energy-vegetation experiment—to study the cou-
pling between the climate system, especially its hydrological pro-
cesses, and the dynamics of terrestrial vegetation. The initiative
has two objectives: (1) to develop validated global models of the
response of terrestiial ecosystems to climate, water and land use
change, atmospheric chemistry, and other global- or regional-scale
stress factors such as changing atmospheric composition, fires, her-
bivory, and disease; and (2) to determine how ecosystem structure
and function affect evapotranspiration, soil moisture, and surface
ruroff on regional and global scales. The project would in essence
pe the biological complement to the Global Energy and Water Cycle

. 5
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Experiment (GEW EX), whose planning is just now beginning under
the WCRP.

This research initiative will require field and laboratory experi-
ments, modeling efforts, and observations to address the response of
ecosystems to climate changes, as well as the response of climate to
ecosystem change. Included would be the following:

e Experiments on whole ecosystems in order to quantify effects
of climate change and other siress factors.

o Studies to scale up information on nutrient cycling and plant
physiological processes to the level of the whole ecosystem, taking
into account the dynamics of key species.

» Recovery of records of past vegetation cover and other indi-
cators suitable for validating the long-term hydrological response of
climate models to global change.

* Development of models of global and regional climate that
emphasize hydrological and land surface processes (using parame-
terizations derived and validated by field data and process studies)
and that can be used to study the sensitivity of climate processes to
vegetation changes.

e Analysis of the liuman causes and effects of changes in the
hydrologic cycle, including documenting past and projecting future
human activities important for the hydrologic cycle; defining those
aspects of hydrologic change most important for human activities;
and developing frameworks for application of hydrologic projections
to environmental assessment and marnagement.

* Observaiions at a global scale of seasonal and interannual
variations in vegetation cover and evapotranspiration.

A regional focus to study the coupling between vegetation and
the hydrologic cycle in particularly important or sensitive geographic
regions such as the Amazoi. Basin, the taiga-tundra transition zone,
and the western United Staves is an important component of this
initiative. Such a focus includes projections of the impacts of changes
in terrestrial hydrologic processes on ecusystem composition and
functioning in specific regions. .

The initiative also requires strong input from other international
research programs, such as GEWEX and the International Satellite
Land-3urface Climatology Project (ISLSCP), to address the ques-
tions of global distributions of rainfall over land ang atmospheric
properties important for surface evapotranspiration.
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Fluxes of Radiatively Active Trace Gases and Nutrients
to and from the Terrestrial Biosphere

The committee proposes a research initiative focused on the
fluxes of materials such as (1) radiatively active trace gases to and
from the terrestrial biosphere, and (2) nutiients from land to aquatic
and marine ecosystems.

The objective of a researck focus on radiatively active trace gas
exchange between the terrestrial biosphere and the atmosphere is
to improve understanding of those basic ecosystem processes that
determine gas fluxes. This understanding is needed to construct
functional models that can be used to predict how climate and lard
use change will alter emissions and absorption of radiatively active
trace gases from the biosphere and, in turn, feed back to further
changes in climate. The research should emphasize methane, carbon
dioxide, and nitrous oxide, but other significant constituents, e.g.,
ammonia and organic compounds, are also of concern.

The initiative will require the following:

e Experiments irvolving plants, soils, and peats to improve un-
derstanding of processes affecting gas exchange between them and
the atmosphere, such as changes in carbon storage; the influence of
nutrient availability; the influence of population dynamics through
nitrogen fixation, and microbial processes; hydrological influences
on partitioning between production of carbon dioxide and methane
and between nitrogen and nitrous oxide; and the influence of the
chemistry of precipitation on such processes. Experiments on in-
tact ecosystems that include the biota and soils will also be needed
to measure the effect of environmental changes on the complex, in-
teracting processes of vegetation change, nutrient cycling, and gas
fluxes. Larger scale ecosystem experiments can involve, for example,
manipulations of entire watersheds or can use natural or inadvertent
anthropngenically induced perturbations for experiments.

o Investigations at local or regional scales, particularly in ecosys-
tems such as the Arctic and the tropics that play significant roles
in global change. A local and regional focus, including compara-
tive studies along environmental gradients, is needed in order to
extrapolate predictions of gas emissions to the global scale after a
mechanistic understanding of gas emissions is achieved.

e Models that combine descriptions of the functioning of whole
ecosystems (process-functional approach) with descriptions of
changes in populations and communities within ecosystems (popula-

T
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tion-community approach), in order to predict the changing patterns
of fluxes from ecosystems subjected to rapid change. Because this
new generation of models will be mechanistic, they could be used to
extrapolate beyond existing or past conditions, and to predict gas
emissions from new combinations of vegetation, soils, climate, land
use, and atmospheric processes.

o Increased attention to documentation of past ecosystems from
the record of the past, in order to understand bettz the range of
ecosystem form and function that could develop in the future in
response to global change.

e Documentation on a global scale of the histery of land uses
believed to be sources of methane and other trace gases, and as-
sessments of future changes in human activities that can result in
changes in emissions. Similarly, prehistoric and historic activities
that have affected carbon storage in vegetation and soils should be
documented on a global scale.

The component of this research initiative focused on fluxes of nu-
trients from terrestrial to aquatic systems will, in addition to study-
ing nutrient transfers in natural ecosystems, emphasize the effects of
land use change on the amount and pathways of nutrient losses from
terrestrial ecosystems. The objective is to broaden the initiative on
trace gas emissions to include analysis of how global changes now
under way will affect the transfer of nutrients to riverine, estuarine,
and ultimately, ocean systems. As discussed in the following section,
changes in ocean productivity have important long-term implications
for climate. Thus nutrient transfers from the terrestrial to marine
systems could have important feedback effects.

Transfers of materials across ecosystem boundaries will be
strongly affected by various aspects of global change. Large-scale
experiments, involving manipulations of entire watersheds or intact
ecosystems, are needed to assess the effects on nutrient losses of
floods, increased fire frequency, 1ass of species, and other events
related to global change. Rising sea level will alco affect nutrient
cycling and transfer to the ocean. Superimposed on these effects,
and in some systems overwhelming them, are massive changes in
land use, especially in the tropics, where the human population and
activity are growing rapidly. Deforestation and increased intensity of
agriculture in dry and humid tropical regions are affecting nutrient
availability in soils and transfers to other systems via dust and runoff.

Understanding the processes underlying nutrient losses from ter-
restrial systems will require monitored watersheds. Once baseline
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data are established, experiments with different kinds of land use
can be carried out, with paired watersheds left unchanged as con-
trols. These experiments will separate human effects from other
aspects of global change. Long-term observations are necessary, as
some effects are cumulative and others have long response times.
Long-term studies will also increase the opportunity to cbserve and
hence understand unusual climatic events that stress the system.
The important requirements are thus as follows:

o Experimental manipulations of drainage basins to increase
understanding of the mechanisms controlling nutrient transfer via
water or air from the land to streams, lakes, rivers, and eventually,
the ocean.

e Examinations of systems along a gradient, e.z., from savanna
to dry forest to rain forest, in order to quantify fluxes as 2 function
of ecosystem type.

o Research to follow tle fate of nutrients after they are lost from
terrestrial ecosystems into vivers, lakes, groundwater, the ocean, and
the atmosphere. Studies of estuarine processing of nutrients loaded
into rivers should be emphasized.

e Analysis of the paitecns and causes of anthropogenic land use
change, including documenting past and projecting future human
activities important for terrestrial nutrient fluxes, and defining those
aspects of nutrient flux most important for human activities.

¢ Particular emphasis on phosphorus in nutrieat balance stud-
ies. While phosphorus is less mobile and dynamic than carben,
nitrogen, and sulfur, it exerts a strong control on productivity both
on land and in aquatic systems.

Some approaches appear promising in the context of this research
focus. For example, stable isotope signatures of carbon, nitrogen, and
sulfur as tracers of element movement and as integrated reflections of
the processes controlling eleinent transformation and loss will provide
important information. While this approach is relatively well worked
out for carbon, considerable development of research techniques is
necessary before it can be applied to nitrogen and sulfur. Better
measurements of both historic and current rates and types of land
conversion also need to be developed and applied.

Collaboration with the research component on fluxes of radia-
tively active gas, discussed above, is needed to understand, model,
and predict biosphere-atmosphere interaction following land clearing.
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Additjonally, interaction with ongoing programs such as the Inter-
national Union of Biological Science’s Tropical Biology and Fertility
: Program and the International Atomic Energy Association-Centro
; Encrgia Nuclear na Agricultura (IAEA-CENA) Amazonia I Project
5 will be needed for the research focus discussed here.

The overall initiative sliould be linked with activities of experts
concerned with land use change as a primary driving force in species
extinctions worldwide (see “Human Interactions” initiative below).
Both the information on rates of land use change and the measure-
ments of the fate of nutrients once they are lost from cleared land
are fundamental to these efforts, and knowledge of the functional
significance of particular species in locai areas is fundamental to this
initiative,
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Biogeochemical Dynamics in the Ocean

The committee recommends a research initi"tive i, understand
: and predict the effects of climate change on ocean biogeochemical
cycles and their corresponding feedback to climate. The objective
of this effort is to develop the capability to predict the effect of
projected global climate change on the ocean’s physical/chemical
and biogeochemical processes, especially as they feed back to climate
via the release or absorption of radiatively important gases such as
1 carbon dioxide and organic sulfur species.

Changes in climate over the ocean will alter the physical condi-
tions of the upper ocean. Incident irradiation, evaporation /precipita-
tion, and wind shears on the ocean surface help to define the mixing
state, and hence the nutrient supply and residence time for plankton.
Nutrient supply and re-suspension properties are important factors
in determining the nature of the planktonic food web. Greater rates
of nutrient supply, and higher mixing rates, for example, promote
the growth of large diatoms. These two different types of plankton
sustain markedly different food webs and have significantly differ- :
ent consequences for the 1esidence time of photosynthetically fixed 3
carbon in the ocean. In addition, different plankton groups have i
different physiologies related to sulfur metabolism and play consid- X
erably different roles in the evolution of organic sulfur species, which i
have climatic implications when liberated to the atmosphere. |

This effort will require a global-scale assessment of the processes
governing the rates of primary production and determining the fate
of biogenic materials in the sea. A major international program, the
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Joint Global Ocean Flux Study (JGOFS) is now being defined in this
area. It will consist of ~lobal observations, regional process studies,
coastal ocean studies, and niodeling. Some of the recommendations
below will probably be included in JGOFS, some should be initiated
as soon as possible, while other activities, especially those related to
the biogeochemical implications of the anticipated climate change,
may require results of JGOFS and other ocean programs such as the
World Ocean Circulation Experiment before they can be initiated.
A U.S. contribution in this area should include the following:

o Helping to establish the global remote sensing capability and
appropriate sea surface verification necessary to assess temporal and
spatial patterns in plankton distribution.

o Studying the processes responsible for the initiation of plank-
ton blooms (including dependence on temperature, mixing state, and
nutrient supply) and their roles in (1) the flux of organic material
and calcium carbonate to the deep sea and (2) the production of
organic sulfur compounds, which, when liberated to the atmosphere,
have implications for climate.

o Developing modeling and scaling techniques to generalize the
results of intensive local studies of plankton blooms to characteristic
regional and basin scales.

o Placing emphasis on those high-latitude ocean regions where
vertical fluxes of carbon to the deep sea and vertical fluxes of nutri-
ents to the surface waters give these regions disproportionately large
global significance.

e Investigating the biogeochemical processes responsible for
forming, transporting, and preserving in ocean sediments the hard
parts of plankton used in studies of past climates.

e Initiating large-scale models of upper ocean physical ard bio-
geochemical processes that can be used to assess the effects of climate
change on biogeochemical processes that have potential to feed back
to climate via the regulation of radiatively active trace gas release
from the ocean.

Human Interactions with Global Change

This research initiative would focus on the relatively short-term
record of the period of intensive human activities that have affected
the global environment. Anthropogenic changes in the earth system
need to be systematically documented over the past scveral hundred
years and analyzed as a basis for developing useful reference scenarios
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of future change. In particular, two aspects of human activity are es-
pecially relevant to global change: land use changes, which influence
both physical (e.g., albedo, evapotranspiration, and trace gas flux)
and biological (e.g., vegetative cover and biodiversity) variables; and
the industrial metabolism that transforms resources into emissions
that must be absorbed and processed by the environment.

Investigation of global land use patterns would involve the fol-
lowing;:

e Construction of a core conceptual model or theory of the
causal relations underlying changes in culture (e.g., population, de-
velopment values) on one hand and changes in environment on the
other hand, to human choices that affect long-term, large-scale pat-
terns in the use of land.

o Documentation of how key variables of land use, population, v
agricultural prices, and so on, identified in the conceptual model have { ]
changed throughout the world over the last several hundred years.

* In-depth regional case studies of the general relationships
suggested in the conceptual and historical work. .

o Construction of future scenarios of global land use change, ’ '
and exploration of how alternative human choices regarding global ' '
change could alter those scenarios.

Parallel to the study of global land use change, a similar approach to ; .
the study of industrial metabolism would involve the following;: - -

e Construction of a conceptual model linking demographic, eco-
nomic, and institutional factors with the evolution of material and
energy uses, and human consumption processes relevant to global
change.

¢ Documentation of how particular material and energy re-
sources have been metabolized thrcugh human production and con-
sumption processes over periods of decades to centuries.

o In-depth regional case studies of the general relationships -
developed in the conceptual and historical work. 3 i

o Construction of future scenarios of industrial metabolism and ' 1
associated materials and energy exchanges with the environment. [

Earth System History and Modeling

Th- initiative on earth system history and modeling is con- /
cerned with documenting =nd understanding overall patterns of
global change. The initiative would focus on reconstructing the past
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over tens of thousands of years to provide a data base for validating
global change models. The history of atmospheric composition and
climate, and of the spatial distribution of climate, vegetation, and
ocean circulation would be developed. Special attention is needed
. on periods of rapid change to provide insight into poorly understood
3 system processes.

: A research focus on the long-term record requires the following:

e Data from polar and temperate latitude ice cores, ocean sed-
iments and corals with 10- to 100-year temporal resolution, and
various kinds of physical and biolwwical terrestrial records.

e Theoretical studies and ri0deling to establish quantitative
relationships between measured parameters and physical processes,
in order to better interpret the record of the past.

e Sensitivity studies with global models to define the spatial
and temporal resolution needed in the study of the record of the past
and to suggest which types of data should be collected.

e Development and improvement of global change models based
] on observations from the record of the past. Models can use infor-
matijon from the past record such as climate and vegetation and
: indirect measures of the carbon cycle. Past abundance of carbon
f dioxide, methane, carbon-13 and other stable isotopes, and other
chemical species accessible from the record can be used for model
validation. Data on the history of human interactions with the earth
system, as developed in the previous initiative, will also be useful.
Close collaboration between observational and modeling activities is
essential.

DEVELOPMENT OF RESEARCH INITIATIVES

Two streams of activity are required to develop the research
initiatives for the U.S. contribution to the IGBP into detailed plans
for research programs: (1) involvement of scientists with particular
expertise to develop the research plans, and (2) support of those
related activities essential to the success of the IGBP.

Steering groups should be established on each of the five research
initiatives proposed above as research foci for the initial contribution
to the IGBP. These groups should be closely coordinated with other
relevant activities in the National Research Council. These steer-
ing groups, operating under the Committee on Global Change over
approximately the next two years, would engage scientists with the
relevant expertise to further define programs of coordinated research
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in the respective area. The Committee on Global Change would en-
sure that the research plans developed by each group are coordinated
into an overall plan for the U.S. contribution to the IGBP.

Support for existing programs related to the goals for the IGBP
is also an integral part of the U.S. effort. Three categories of support
can be identified:

1. As noted above, U.S. contributions to the IGBP are drawn
from the broad suite of U.S. observational and research programs
that have been described as the U.S. effert on global change. The
U.S. program is based on the concept developed in the report of
the NASA-sponsored Earth System Sciences Committee that study
of the earth as an integrated system is an important and timely
paradigm for the earth sciences. Strong support for such a broad
national effort in the study of the earth is an essential foundation for
the focused programs addressed in this report.

2. A number of existing, ongoing programs have ob jectives and
well-developed plans that clearly fall entirely or partly within the
scope of the IGBP or the broader U.S. global change efforts. Among
these are UNESCO’s Man and the Biosphere Program, the several
projects of the Scientific Committee on Problems of the Environment
rc’ated to global change, and the United Nations Environment Pro-
gram'’s Global Environmental Monitoring System (GEMS). Particu-
larly relevant and essential are the compcnentt of the World Climate
Program. One of these, the World Climate Research Program, or-
ganized under the World Meteorological Organization (WMO) and
ICSU, focuses on dynamic and hydrological processes in the climate
system and has in planning or in progress a number of well-conceived
projects (e.g., Global Energy and Water Cycle Experiment, World
Ocean Circulation Experimnent, Tropical Ocean/Global Atmosphere
Program, International Satellite Cloud Climatology Project, and In-
ternational Satellite Land-Surface Climatology Project) that promise
to contribute greatly to the goals of the IGBP. The contributions of
the Data, Applications, and Impacts compcnents of the World Cli-
mate Program should also be emphasized. The IGBP and these
existing activities are highly complementary and mutually support-
ive.

The challenge is to harmonize and coordinate the practical work
of the various planning bodies so that each activity can be effec-
tively focused on appropriate objectives. Such an approach was
successfully employed in the Global Atmospheric Research Program
(GARP), where the WMO/ICSU Joint Organizing Committee, the
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ICSU Committee on Space Research, the International Association
of Meteorology and Atmospheric Physics’ (IAMAP) Radiation Com-
mission, and other bodies pursued closely coordinated programs.
Interaction within this family of closely related activities in the earth
sciences suould be strengthened, coordinated, and enhanced.

3. Support for discipline-oriented research related to the goals
of the IGBP is needed to bolster the scientific foundations of the
program. For research centered on the atmospheric and oceanic
components, a long and mature history of previous studies and an
array of coordinated research programs provide geod foundations
for contributions to the understanding of global change. In other ;
areas, such as the biological and human components of global change,
the existing research program is less well developed. The relevant
research communities should be encouraged to develop their own
internally justified research priorities relevant to global change. An
aggressive program to support research in these as well as other
related disciplines is needed.

For instance, a number of areas of needed research are highlighted : 7
in the background paper on ecological systems and dynamics (see T ‘
esnccially the section on principal issues and research challenges). §
These include (1) research on physiological responses of plants and f
animals to the environment, especially to multiple stresses; patterns
of genetic variability, including the development of theory regarding
: evolutionary responses to rapid environmental change; the direct ef-
fects of elevated carbon dioxide concentrations on intact ecosystems;
and characteristics that allow some species to adjust geographical
ranges rapidly in the face of change while others become extinct;
(2) monitoring of ongoing changes in distributions that may record
the incipient effects of global change and of ongoing changes in land
% use; and (3) development of more complete paleorecords, particularly
from little-explored parts of the earth.

The existing research program on the human components of
global change is also inadequately developed, as discussed in the
background paper on the human dimension. Efforts to bring to-
gether natural, social, behavioral, and engineering scientists to ex-
amine in-depth the research required on the human dimension of
global change should be supported. Several research areas identified
in the background paper—integrated methods to assess the risk and
implications of long-term environmental change for resource avail-
ability at the regional scale; ways that knowledge, perceptions, and
values related to global change can be more effectively brought to

%%wanﬂwmﬂwﬂ;wm« Bt B e ]

AT E i 3

TR e

o e N i
. .\ kb i gl " N Py




26

bear on human choices that affect global change; and evaluation
and design of institutional mechanisms for better management of
global change—require further development in close collai, ration
with those relevant scientific communities in the social, behavioral,

and engineering sciences that were not adequately represented in
current planning activities.
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Supporiing Needs for Program
Development

Planning of the IGBP will have to be responsive to a number
of challenges that transcend previous experience with collaborative
scientific programs. These challenges are presented by. the exceed-
ingly broad scope of the program, the need to blend new technology
with traditional observational techniques on a worldwide scale, the
need to plan and sustain a coordinated research and documentation
effort over many decades, and the need to present to the public and
policymakers in a timely and comprehensible manner the conclusions
on complex issues of substantial and growing public concern.

A nuamber of common themes should guide the development of
specific plans for research and observations to be carried out as part
of the IGBP:

e Documentation of significant contemporary changes in the
global environment requires establishment and maintenance of long-
term observations. Long time-series measurements of key variables,
such as global trends of trace gases and global changes in land use,
are needed to detect global changes. Monitoring of sensitive ecosys-
tems for critical parameters, such as productivity and species loss,
can provide early warning signals of global change. In addition, such
long-term records often provide unanticipated insights into system
dynamics. The careful design, implementation, and application of
long-term observations and associated information management sys-

27
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tems will be a critical element in global change research.

o The nced for recognition of the significance of discontinuous
and extreme events in the earth system (e.g., periods of extreme
temperature, droughts, hurricanes and flash floods, and plankton
blooms). The research and observational programs should include
the capacity to act rapidly to investigate the response of the system
to any such events. The program should also be designed to recognize
that changes in the frequencies of extreme events might indicate the
occurrence of fundamental changes in the earth system.

o The identification and investigation of particular ecosystems
that are most subject to change and Jor that have particularly strong
potential for feedbacks to the physical climate system. For exam-
ple, global warming may increase dramatically rates of metabolism
in arctic tundra, with currently unpredictable consequences for re-
lease of methane from thawing permafrost. The high biodiversity in
the tropics and the significant role that the tropics play in the earth
system make these arcas important for global change research. In ad-
dition, ecosystems receiving high anthropogenic iaputs of nutrients,
arid zones, agricultural systems, and ecotones or transition zones
that are anticipated to be sensitive indicators of global environmen-
tal change are areas deserving intensive investigation. A focus in the
IGBP on such geographic areas would provide a focus for research
and would permit efficiency in collection of data.

DOCUMENTING GLOBAL CHANGE

At the core of the IGBP must be a systematic effort tc: document
the significant changes on a global scale over the comirg decades.
This effort overlaps, but is distinct from, research initiatives aimed
at elucidating key processes involved in such changes and efforts to
examine the record of the past. Al! these activities are necessary to
develop and test quantitative models of how the entire earth system
functions on time scales of decades to centuries. The program struc-
ture and institutional arrangements must be appropriat in order
to (1) obtain the necessary observations and calibrations, (2) pro-
cess and analyze them to extract the required informatior, and (3)
assemble this information and make it accessible to scier tists and
policymakers worldwide and to future generations,
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The Role of Models

Because of the complexity of the interactions between different
parts of the earth system, a central goal is to codify understanding of
specific processes and measurements of large-scale changes in terms
of quantitative models. To the extent that credible models based
upon established principles can be developed and verified against
an adequate base of observations, they can then serve as testbeds
for evaluating hypotheses about cause-and-effect relationships and
for development of efficient observational strategies, and for deriving
predictions about future trends. Modelis are discussed in more detail
in the background papers in Part II of this report and in the report
of NASA’s Earth System Sciences Committee (1988). Here it suffices
to abstract some general concepts.

Comprehensive quantitative models of the earth system are for-
mulated in terms of a set of state variables, such as the temperature
distribution in ‘he ocean or the concentration of nitrous uxide in
the atmosph . . These state variables are on a global scale and are
mnevitably simplified idealizations of reality. Their development with
time is defined by predictive equations or algorithms that codify our
understanding of the specific processes that connect thern. Enhanced
understanding resulting from process studies becomes reflected in im-
provad algorithms in such models. Documentation of global change,
on the other hand, implies determination of the time history of the
state variables themselves. Establishing confidence in a model re-
quires a rigorous process both of assessment of its basic principles
in the Light of accumulated understanding of the processes involved,
and of testing its paris and the entire model against measurements of
the state variables. Because of the empirical idealizations involved in
constructing a practical model, substantial redundancy is required in
such tests. In gene.al, the greater the ability of the model to simuiate
observed hehaviors on increasingly longer time scales or changes that
are independent of the information invoked in its development, the
greater the confidence in its predictive capability.

Thus a research and measurement strategy aimed at using mod-
els as the primary integrating tool would concentrate on two rather
distinct activities: (1) focused studies enhancing understanding of se-

lected processes and (2) long-term global measurements of key state
variables.
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Process Studies

Scientific research organized into process studies need not neces-
sarily be global and skoulg normaily be of limited duration, resulting
in improved algorithms through which their conclusions are applied
on a global scale. The emphasis is likely to be on simultaneous in-
tensive observation and measurement of a wide variety of variables
in a few case studies, using any available techniques including exper-
imental ones. The choice of variables and techaiques will derive from
the specific experimental design for each study and may change with
increasing uaderstanding of the process. Diverse analysis procedures
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from model simulations and to use available models to test alterna-
tive hypotheses for the causes of observed changes. To the extent
that established models exist, the required set of ongoing measure-
ments can be reduced somewhat by utilizing implied relationships
between state variables (for example, the geostrophic relation be-
tween wind and pressure in the extratropical atmosphere). For some
variables, such as the solar irradiance or the concentration of carbun
dioxide in the atmosphere, the small spatial variability is such that
a few sustained measurements of high quality suffice for the most
important information on a global scale. For other variables, such as
temperature, we mnst rely on an extensive network of observations
and international data exchange maintained for other purposes. For
yet others, such as precipitation or subsurface ocean circulation, ac-
ceptable techniques applicable routinely on a global scale do not yet.
exist, and a research and development effort is called for to enable
the most critically important gaps to be filled. For still others, a
network of surface observations such as the proposed International
Geosphere-Biosphere Research and Training Centers discussed below ’
would seem most appropriate at this time.

It must be recognized that documenting global change through
long-term measurements presents an organizaticnal, managerial, and
technical challenge and political commitment of profound impor-
tance. Resource limitations will certainly require full collaboration
with existing organizations collecting relevant data for other pur- :
poses (such as weather prediction). New mechanisms will have to
be established to identify cost-effective ways to supplement these
systems to make them uscful for long-term measurementz. Remote
sensing from space is a powerful tool for obtaining globai sbserva-
tions, but in most cases the data must be combined with in situ
! measurements from other sources in a composite observing system
for a fully satisfactory analysis. Mechanisms must be established to
review the end-to-end performance of such composite systems and
to make necessary adjustments (sen the discussion on informatjon
systems below). In some areas, pioneered by the weather services of
the world and the World Climate Research Program, observational
networks of considerable maturity are in routine operation. In most
areas, however, the infrastructure for coordinated planning of in situ
and remote observations, internaijonal data exchange, analyses, and
validation of end-tc-end performance will need significant strength-
ening.

gt

CYPIrp

SO b

S RLTI Y- Y OF YN TS Wt

Sy I

4 N

- IOrY - Ry (e AT N
I »




it e Al Il

TR RN

32

Data from the Past

Because the time scale for global change is comparable to the
time over which research in tie IGBP will Le conducted, concentrat-
ing on the present and future behavior of the system is insufficient.
It is necessary to seek independent data sets for model testing and
evaluation in the record of the past, in spite of the loss of precision
that may accompany the use of proxy data or incomplete records.
Emphasis should be placed on circumstances most likely to yield
relatively complete data sets useful for testing at least some aspects
of quantitative models, or on determining the natural variability of
individual key state variables. Because only part of the desirable
information is available, in some cases only in principle, choices in
research strategy derive primarily from the develcgnent and appli-
cation of techniques to infer global-scale variables fi%m limited, often
indirect, data. Because knowledgeable judgments are required at so
many stages, reconstructions of past states of the earth system will
never become routine inferences from a predefined observation sys-
tem. The research and information management structures in IGBP
should reflect the inherent characteristics of preinstrumental data.

Additional Comments

The conceptual distinctions made above between process studies,
ongoing measurements, and earth history provide broad indications
of the range of IGBP activities and as such may assist in defining
programmatic structure for a measurement strategy, but they should
not be regarded as rigid prescriptions. For example, the first three of
the initial foci recommended in Chapter 1 involve a mix of process
studies and activities aimed at developing the capability for long-
term measurements, and studies of the human dimension, aspects of
which may defy simple algorithmic treatment.

Furthermore, the status of our comprehensive models is such
that they are currently at best only partially useful for setting re-
quirements for long-term cbservation and analysis systems. Indeed,
there is no accepted model in existence that covers the full range of
interactions between the physical, chemical, biological, and human
subsystems of concern to IGBP. In some areas of concern, such as
terrestrial ecosystem dynamics, there is inadequate understanding of
the basic principles for constructing a model to operate on a regional
scale, and hence no consensus on what the principal state variables
should be, let alone consensus on the algorithms connecting them.
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Almost all our current models are vulnerable to the total omission
of processes that may turn out to be of major importance. For ex-
ample, recent discoveries suggest that heterogeneous chemistry in ice
clouds is central to the control of ozone in the antarctic stratosphere,
although previous models were restricted to gas phase interactions.
Thus, as our understanding of the interactions within thc earth sys-
tem improves, perceptions of the relative iraportance of different
state variables as key indicators of global change are likely to be
adjusted also. Meanwhile, our best judgment must be the basis for
action in obtaining at least a minimal set of such indicators.

MEASUREMENT STRATEGY

Implementation of Long-term Space-based
and In Situ Measurements

The list of potentially important long-term global measurements
is long and has not yet been reviewed in detail by this committee.
Careful consideration will have to be given to the selection of the
most critical variables for special attention, particularly in relation to
the end-to-end f "rformance attainable by augmenting existing data
gathering and analysis activities, both remote sensing and in situ,
and in relation to the potential for development of new techniques
suitable for global deployment.

Both satellite- and ground-based measurements will provide es-
sential information for the IGBP, and the measurement strategy
needs to be designed so that one complements the strengths and
weaknesses of the other. Satellites provide global coverage and fre-
quent and long-term obcervations, but currently provide only qualita-
tive information. Several parameters important to the IGBP cannot,
with current technology, be measured from space (e.g., precipitation,
soil moisture, gas fluxes. winds, and tropospheric chemistry). In situ
measurements, on the other hand, provide potentially accurate mea-
surements of many variables important to the IGBP and are essential
to validation of space-based observations. Clearly, however, surface
networks cannot realistically provide global coverage on a long-term
basis.

Meanwhile, it is clear that the capability for long-term measure-
ments can be developed most effectively in the context of specific
research foci that need them, at least in the short term. In this
context, programs such as the Tropical Ocean and Global Atmo-
sphere program, the Global Tropospheric Chemistry Program, the
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World Ocean Circulatic:, Experiment, and the Global Energy and
Water Cycle Experiment of the World Climate Research Prograr. are
not only essential process studies, but also critically important envi-
ronments for the evolution of our ability to document global change.
Satellite missions approved for deployment in the near future, such as
UARS, ERS-1, TOPEX/Poseidon, and Sea-WIFS aboard Landsat-6
will each contribute major new types of measurement on a global
scale, from which could evolve an effective long-term capability for
very important global state variables. New applications of existing
data streams, such as the Vegetation Index recently developed from
the AVHRR sensors aboard NOAA polar orbiters, can bYe highly
effective although relatively inexpensive.

The committee recommends that planning continue vigorously for
the deployment in the mid-1990s of a more comprehensive long-term
interagency and international Earth Observing System, with major
coi. ponents aboard a number of polar-orbiting piatforms, supple-
mented by particular instruments in tropical and geostationary or-
bits, and building upon existing, ongoing research and operational
observing programs. Special attention should be given to the integra-
tion of the space-derived data from EQS with complementary in situ
data and validation studies to derjve long-term analyzed global prod-
ucts containing documented information. Specific sites for validation
studies need to be established.

International Geosphere-Biosphere
Research and Training Centers

The committee recommends that a limited number of Interna-
tional Geosphere- Biosphere Research and Training Centers be estab-
lished to provide bases Jor research and observations of global change.
Many of the planning reports for the IGBP have recommended the es-
tablishment of geo-biosphere observatories, which would serve many
important functions related to global change research. Observatories
have been recommended as sites for long-term observations, process
studies including large-scale manipulations of ecosystems, training,
ground truth validation for remote sensing missions, model valida-
tion, and other purposes. The multiple utility of observatories is
compelling, and research related to long time series of observations
would benefit from institutional mechanisms to coordinate observa-
tories.

i
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A hierarchical approach to the concept of biosphere observato-
ries should be employed. At the base of the hierarchy would be
the extensive, existing net of specialized monitoring and field sta-
tions, supp'emented where necessary by new installations in sparsely
represented areas. At the middle of the hierarchy would be sites al-
ready established for long-term research, such as biosphere reserves
of UNESCO’s Man and the Biosphere Program and the U.S. Long-
Term Ecological Research sites maintained by the National Science
Foundation. Again, this mid-level could be strengthened where ap-
propriate with new facilities. At the top of the hierarchy wouid
be a limited number—perhaps half a dozen—of new International
Geosphere-Biosphere Research and Training Centers established to
realize the goals of the IGBP.

Possible researci foci for these centers are the roles of tundra,

tropical, semiarid, temperate forest, and high-latitude ocean systems
in global change. Sites for the centers would be selected on the
; basis of ecological characteristics, geomorphology, human factors,
and potential for climate change.
, The primary purpose of the centers would be to serve as ma-
$ jor foci for international cooperation in research and training by (1)
; providing a base for large-scale manipulative experiments designed
to understand linkages between ecosystems and climate change, (2)
developing efficient hierarchical networking with other international
and national research and observational programs and organizations,
such as designated ecological research sites and reserves, (3) or-
chestrating the development of facilities for smaller scale and more
! transient observational and process studies, (4) serving as a central
i repository for detai'ed observational and experimental results on the
systems represented by the respective center, and (5) constituting a
tangible international commitment to continuing cooperative efforts
to understand global change.

To be successful, the centers would have to be developed in
accord with the ICSU practices for full access for scientists from all
nations. It would be essential that leading scientists spend significant
blocks of time in residence in order to facilitate training of students
and young scientists in global change research. Moreover, the success
of this effort would require commitment of funds from all nations,
regardless of the suitability of their own territories for the siting of a
center.
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INFORMATION SYSTEMS

Global change must be documented consistently over many
decades, across disciplinary and international boundaries, through
evolving perceptions of what is most important, and under pressure
from governments and citizens to provide as soon as possible reliable
information about what are expected to be ever increasing concerns
to the peoples of the world. The system by which irreplaceable data
are made accessible to all who need them and are preserved for future
generations is the foundation on which the enterprise must be built.
It is also the component of the program that experience shows is
most likely to founder through ineptitude or neglect.

Perhaps even more important than the primary data is the distil-
lation into derived products or analyses of lower volume but greater
information density, which in turn are used as data for model de-
velopment or cross-disciplinary studies that yield information about
the functioning of the earth system. It is thus essential to extend
traditional concepts of data management to include the recapture
and preservation of these derived products and the means to make !
them accessible to a group of users who may not be familiar on ]
a day-to-day basis with all the details of the original data stream. '
The sheer volume and complexity of primary data relevant to global
change enforce utilization wherever possible of higher level syntheses
or abstractions that have already been made by some other compe-
tent user. In other words, the data management system must become
a complete information service.

These requirements pose major technical, institutional, and man-
agerial challenges to our existing structures. For example, an unfor-
tunate byproduct of the explosion over recent decades of digital data
and techniques for handling them has often been the separation of
the data themselves from metadata, or information about the data.
This is because metadata are generally in text or graphical format
that does not easily fit into efficient database management structures
or standardized tape formats. Yet information about the algorithms
used for a derived product, the quality control procedures, compar-
isons with independent measurements, reviews by expert outsiders, !
and so on, is what enables the user to judge the reliability or value |
of the product for a particular application, and should therefore be
an inseparable part of the data set. The same is also true for orig-
inal data in terms of calibrations, quality control flags, and so on.
With more powerful computers and software systems the storage of
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metadata should not be a fundamental limitation. However, a ma-
jor effort is needed to develop standards for the exchange of entire
data sets including metadata between data centers. A similar effort
is needed to enable electronic distribution of catalog and directory
information. Other issues arise from the diverse and untraditional
sources of derived products, and the need for mechanisms to select
the most significant products. However, new opportunities are also
provided by technological developments such as the adver . of digital
publishing on CD-ROM and similar media.

The IGBP can draw upon a number of existing institutional
mechanisms for data exchange between nations. The World Data
1 Centers were established during the IGY as central repositories from
which contributed scientific data could be made available to partici-
pating nations. Frequently co-located with a national data center in
the host country, WDCs have proved a valuable mechanism for inter-
national data exchange within a number of the disciplines involved
in the IGBP. However, the volume and complexity of even present
conventional data streams from in situ sensors are severely taxing
: the available capabilities, and major upgrades will be necessary to
meet the information needs of the coming decades. '

In addition to the WDCs, there are operational exchange mech- : [
anisms in disciplinary areas for specific purposes that overlap with
IGBP requirements, for example, the real-time exchange of meteoro-
logical and ocean surface layer data over the WMO Global Telecom-
munications System for use in weather prediction. The distribution
channels for satellite data have evolved along separate lines, par-
_, tially conditioned by the large data volumes typically involved and
5 the need for timeliness. Under the open skies policy enunciated
by the United States, image data from U.S. weather and Landsat
satellites are directly available to any nation installing the necessary
ground receiving equipment. However, with the more specialized, K
high-data-rate instruments of the future, the raw data are best pro- ‘
cessed in one location. Rebroadcast of results of analyses is a more
complex operation. In addition, an ever-increasing number of nations
or space agencies are now operating or plan to operate satellites that
can potentially make important contributions to IGBP, but not all
of these have made clear commitments to an open skies policy. For
research satellites, premature dissemination of the data is clearly
: ir.appropriate, and access is usually initially limited to specific inves-
? tigator teams. Subsequent access by scientists from other countries
has tended to be ad hoc, on the basis of bilateral arrangements.
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These considerations require that urgent attention be given to
identifying criteria that separate bona fide applications of satellite
and relevant in situ data to the study of global change from uses
with commercial, rational security, or proprietary interests. Effec-
tive mecharicms for truly international exchange of such data need
to be est:iblished, at least for the purposes of IGBP. Ill-considered
proliferation of ad hoc bilateral arrangements risks dividing the sci-
entists of the world into those in nations that have access to essential
global data sets and those who have to be content with secondary
sources of unverifiable quality, with serious consequences for interna-
tional collaboration and the credibility of research results from the
program.

The evolution of a practical and effective information system
will be facilitated by a combination of » p-down and a bottom-
up approach. A top-down considerr*”  f the entire system should
include th> end-to-end performan- _ requirements for long-term mea-
surements. The special needs of data from process studies at specific
sites and investigations of global history, as well as possible institu-
tional arrangements for international exchange of all types of data,
need to be con: dered. A bottom-up approach aims at establishing
or an experimental basis role models of effective solutions to a much
more restricted set of prokle:ns,

In the latter context, the commiitee recommends that a Global
Information System Test be implemented to test the end-to-end perfor-
mance of an early prototype of an information system for the IGBF,
This test would be iniplemented in 1992 or soon thereafter, possi-
bly in association with the Internatjonal Space Year. Its objectives
would be to make selected satellite and related data sets accessible to
an international group of . .en‘ists and to document the information
content of associated derived products. This end-to-end test would
be conducted in the context of recognized research foci within the
IGBP or in the WCRP that would serve as a prototype. A limited
sumber of variables would be selected on the basis of scientific need,
the availability of the necessary data, the effort required, the poten-
tial to test significant aspects of the data and information system,
and the availability of a group of scientists and data professionals
committed to making it a success. Such a test could be an important
learning experience for the implementation of the Earth Observing
System and related activities later in the decade.
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MANAGEMENT OF THE IGBP

The scale and number of interested parties in IGBP focus atten-
tion on the effectiveness of existing institutional structures at both
the national and the international levels. These structures include
nongovernmental scientific organizations like ICSU and COSPAR,;
intergovernmental organizations like WMO, UNEP, and 10C; indi-
vidual universities; consortia of universities; and federal laboratories.
The structures in place have proven partially successful for the fo-
cused programs of the past, but are untested for the broad and
multidisciplinary programs of the future. 1t is not clear that entirely
new structures will be required; however, success for the IGBP de-
mands at the very least much stronger coordination among existing
organizations and mechanis:ns.

The program, if successful, will be complex, will cross most na-
tional boundaries, will involve many disciplines including the social
sciences and engineering, will require a blending of high technology
with traditional techniques, and will develop a new kind of real-time
information system linking research and operations. Implementation
of these plans will require a high order of management skills and
mechanisms. Formulation of public policy will be a logical comple-
ment to the science aspects of the progiam, and care must be taken
t~ assure that the two aspects freely trade information.

A Brief History

The International Geophysical Year, Global Atmospheric Re-
search Program (GARP), and World Climate Research Program
(WCRP) are often cited as models of institutional arrangements
that give guidance to the IGBP. Each of these has laid groundwork
for the next. IGY, essentially the aggregate of research by individual
investigators and national teams, provided international access to
data through the innovative concept of World Data Centers. Co-
ordination was accomplished through a small committee of ICSU
augmented by an advisory council of designated representatives from
participating countries. The satellite programs were national contri-
butions (Bullis, 1973). World Data Centers in the context of new
technology will be an important aspect of the IGBP.

The Global Atmospheric Research Program was more complex.
An intergovernmental mechanism already in place was used to co-
ordinate meteorological satellites. A formal treaty was drawn up
between ICSU and the World Meteoroiogical Organization to ensure
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strong scientific guidance and participation together with the man-
agement capability of an operational agency. These are the kinds
of linkages that will be required. but on a much larger scale for the
successful operation of an IGsy-.

The World Climate Research Program involves atmospheric
science, oceanography, and land surface processes. Here the WMOQ/
ICSU links have been augmented by new arrangements between the
ICSU Scientific Committee on Oceanic Research and the Intergovern-
mental Oceanographic Commission. The International Association
of Meteorology and Atmospheric Physics (IAMAP) and International
Association of Hydrological Sciences (IAHS) have been involved in
land surface studies. U.N. agencies such as United Nations Environ-
ment Program (UNEP) are involved in the program as well. The
inclusion of a larger number of agencies and links than was the case
for GARP has been necessary for the program; however, at the same
time the management has become more cumbersome.

An Eruerging Concern

The need for examin ation of existing international institutional
rrangements does not «.erive solely from the 'GBP, but rather has
been a concern for several years. In 1985, two meetings were held on
this subject. Both existing and new models for facilitating interna-
tional cooperation were considered (Kendrew et al., 1986; Kohn et
al., 1987).

The U.S. House of Representatives (Fuqua, 1986) concluded that
science could be used to move nations beyond the realization of in-
dividual national goals to the next level of global needs. The report
noted the need for an internationaj cooperative science decision-
making mechanism beyond what pow exists. The International In-
stitute for Environment and Development and the World Resource.
Institute (1987) observed that an understanding of global change is
driven by forces that call for a reorganization of science to study the
earth as a planet.

The World Commission on Environment and Development (1987)
concluded that global environmental and developmental problems are
inseparable and that they must be approached in a holistic manner.
The commission believed that the actions required for success are
beyond the reach of present decision-making structures and institu-
tional arrangements, both national and international,
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The Need for Reexamination

The IGBP creates a specific and clear need for a careful exam-
ination of our existing national and international mechanisms and
arrangements. In summary, there are three reasons why international
institutional arrangements need to be reexamined:

1. IGBP will be global and multidisciplinary. On the nongovern-
mental side, ICSU is also global and multidisciplinary. Therefore
ICSU is the proper international scientific organization for scientific
guidance of IGBP. On the governmental side, thcre is no one agency
that has the capacity to mobilize the operational capability for ob-
servations and data management, to cover all relevant disciplines,
and to represent all nations. A coalition of operational agencies will
be required.

2. The space component of the global observirg system will be
more cost-effective and better able to distribute data widely if it
is fully internationalized. There are existing groups, but they need
closer coordination. These include the International Polar-Orbiting
Meteorological Satellite (IPOMS) Group, the Coordination of Geo-
stationary Meteorological Satellites (CGMS) Group, the Committee
on Earth Observations Satellites (CEQS), the International Forum
on Earth Observations using Space Station Elements (IFEOS), and
the Coordination Group of Space Station Partners on the Use of
Polar Platforms for Earth Observations. These are all groups that
offer opportunity for international dialogue among representatives
of earth observation agencies. Regional groups of other countries,
such as the Society of Latin American Specialists in Remote Sens-
ing and the Asian Society for Remote Sensing, also exist. On the
nongovernmental side, we can look to COSPAR for coordination and
guidance.

3. An information system that would provide all researchers
with access to data on the time scales required for both operations
and research clearly requires close communications, and technology
has outstripped current international institutional capability. We
must preserve the archiving and access availability, especially for
developing countries, to data about the earth, while at the same
time using the latest technology to make the data system effective
and comprehensive.

The urgency of establishing a program does not mean that every
detail must be put into place at once. The immediate need is to
ensure that the international structure is adequate to cope with
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the broad 1ssues of multidisciplinary science using high-technology
observational and modeling instrumentation and computers.

It is clear that international institutional arrangements ior IGBP
need to be addressed soon, so that any proposed changes in existing
structures can be fully examined by all the relevant and interested
parties. It is also clear that the developing history of the study of the
earth has given the scientific community both significant experience
in learning how to work together in an interdisciplinary mode and a
rich “bag of tools” for management and administration.

Although the structures in place are untested fcr the broad and
multidisciplinary programs of the future, it is not clear that entirely
new structures will be required for the IGBP. However, succcss for
the IGBP demands at the very least much stronger coordination
among and strengthening of existing organizations and mechanisms.
s ne preferable mode of management is one that requires the least
change or addition to existing mechanisms, but the need for new
institutional structures should not be ruled out, provided that the
necessary coordination and guidance are made available.

The committee recommends that ICSU -onvene an impartial
group of ezperts in the near future to develop specific recommen-
dations to the international community on organization and manage-
ment of the IGBP. This group should include representatives from
the existing large prcgrams such as UNESCO’s Man and the Bio-
sphere Program and WCRP, as well as from the program areas to be
emphasized in IGBP.

National Organization

At the national level, there is a need for fostering interdisci-
plinary programs on global chaage in universities and in private and
federal laboratories. A number of these are already in place, and it
may well be that there is an important role for activities sponsored
by universily consortia. Universities make up the most central, per-
vasive, znd stable infrastructure to provide the needed knowledge
base, to develop the global model components, and of course, to edu-
cate an appropriate and adequate talent base to pursue the quest cof
understanding the earth system in the coming decades. Substantial
research expertise also exists in a variety of industrial an 1 nonprofit
laboratories, which can offer specialized capabilities not available in
university or federal laboratories.

The specific activities to be undertaken will depend on scientific
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priorities, which in turn will come from the scientific communities in-
volved. The federal laboratories constitute a major national resource
for globai change research. Particularly, these laboratories are often
the managers of and participants in large-scale, complex research
program.: mvolving ships, aircraft, rockets, spacecraft, ground-based
research facilities, and global-scale measurement networks. They are
aiso frequently among the first recipients of advanced computers, an
thus, in many research fields, have forefront and extensive compu-
tational capabilities. Several federal laboratories are leaders in the
development of global models for atmospheric, oceanic, and land pro-
cesses, and are repositories for global-scale data bases. The federal
laboratories are encouraged to strengthen their interdisciplinary and
interagency programs in global change researck, and to increase their
interactions with university researchers ard students to enhance ef-
fective 1se of these extensive national resources for research on global
envircamental change.

It is clear that the breadth and scope of the IGBP necessarily
involve the efforts on many federal agencies with diverse missions,
capabilities, and constituencies. Harmonious working relationships
and effective coordination will be essential to optimize U.S. contri-
butions. Coordination at the agency level is alrexdy being addressed
through the FCCSET Committee on Earth Sciences (CES).

The Committee on Earth Sciences effectively represents the fed-
eral agencies with major interest in global change and has proved
to be a useful forum for airing planning issues. The full cooperation
of the agencies involved in CES will be important for the success
of the U.S. con’ ibution to the IGBP. It will also be essential that
CES work closely with the Office of Management and Budget since
the recommendations will cut across many agencies and will have
budgetary implications for all agencies.
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UNDERSTANDING THE ROLE OF BIOGEOCHEMICAL
DYNAMICS IN GLOBAL CHANGE

With hydrogen and oxygen, four elements—carbon, nitrogen,
sulfur, and phosphorus—are of particular interest in the study of
our planet. Through the active intervention of the biota, each of
: these four elements follows a closed loop or cycle, passing through
; molecular species of increasing energy content as the elements arc
! incorporated into living tissue, and then moving through decreasing
energy levels as the organic matter is returned to inorganic form.
These cycles significantly influence atmospheric and oceanic chem-
istry and the global energy balance. The varied dynamical patterns
reflected in different stages of these cycles are the consequences of a
: myriad of biological, chemical, and physical processes that operate
; across a wide spectrum of time scales.

‘ For the IGBP, departures from biogeochemical “quasi-steady
‘ state” are of greatest intesest. From ice core records, we know that
atmospheric concentrations of carbon dioxide (CO2) and methane
(CH4) were substantially reduced during periods of peak glaciation

s

This paper is the result of discussion at a workshop (see the appendix to this paper)
and further discussions among members of the Comnmittee on Global Change.
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relative to interglacial or recent “preindustrial values.” What is fun-
damentally different in the very recent record since industrialization
began is the rate of change: CO, has increased at rates and to levels
for which we have no historical or natural analogue back through
the last two interglacial events. Moreover, CH, is increasing in the
atmosphere at a rate more than twice as fast as CO, and is now at a
concentration of almost 5 times that which was present during glacia-
tion. These recent perturbations are believed to be anthropogenically
induced. It is of great importance to develop an understanding of the
factors responsible for the rapid rise in CO; and CH,, as well as the
concurrent changes in the nitrogen, phosphorus, and sulfur cycles.

Understanding the biogeochemical cycles of carbon, nitrogen,
sulfur, and phosphorus and the interactions of these cycles is of
fundamental importance to the IGBP (National Research Council
1985, 1986). Although biogeochemical cycling in the terrestrial en-
vironment, rivers, the ocean, and the atmosphere is intricately in-
terrelated, processes controlling the cycling are distinctly different
in each of these environmoants. Thus, in order to identify scientific
priorities for understanding biogeochemical cycles in the context of
global change, in this paper each of ihese environments is discussed
separately.

BIOGEOCHEMICAL CYCLING
IN TERRESTRIAL SYSTEMS

The accumulation and cycling of carbon, nitrogen, and sulfur
within terrestrial ecosystems are ultimately controlled by the interac-
tion of climate and the amount of phospliorus in the parent material.
However, nitrogen supply is often the proximate factor regulating
carbon fixation and storage, particularly in temperate, boreal, and
agricultural areas. Patterns of carbon, nitrogen, and phosphorus
turnover vary within and among biomes, responding to topography,
land use, herbivory, and hydrology. For example, in cold-dominated,
wet tundra ecosystems, carbon fixation exceeds decomposition; there
is net carbon and nitrogen storage in soil, and plant growth is limited
by nitrogen. In contrast, tropical forests on old infertile soils cycle
large amounts of carbon and nitrogen, but biomass accumulation is
limited by phosphorus.

At least three types of change are relevant to terrestrial bio-
geochemistry. First, changing climate will vary the balance between
carbon fixation and release—partly because photosynthesis responds
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less to changes in temperature than does respiration, and partly
because water availability strongly influences storage and release of
carbon. Second, changing the supply of carbon, nitrogen, phospho-
rus, or sulfur can alter the storage and release of all four elements.
Finally, human changes in land use, associated, for example, with
agriculture or pasture, can cause very rapid changes in carbon and
nitrogen storage in terrestrial ecosystems.

In many cases, we know the direct effects of changes in climate,
element supply, or land use on primary production: elevated temper-
atures increase growth of tundra plants, and elevated atmospheric
CO, concentrations increase carbon fixation in most plants. How-
ever, the ramifications of suci .ianges at the ecosystem level are less '
clear.

For example, suppose elevated leveis of CO, increase carbon fix-
ation in a forest with low nitrogen in its soil. The added carbon
increases the C/N ratio in plant tissue. Such a change could affect
herbivores either positively or negatively, depending on the chemi-
cal form of the additional carbon. Eventually, plants or plant parts
return to the soil, where their elevated C/N ratio will affect rates
of decomposition and nitrogen release, probably negatively. Con-
sequently, ecosystem-level storage of carbon may be greater than
expected from the simple increase in plant carbon fixation due to ele-
vated atmospheric CO; levels. The rate of plant litter decomposition
would ultimately be decreased. Trace gas production would also be
affected if changes in decomposition rates alter soil mineral-nutrient
dynamics. However, if the decomposition and nutrient release in the
soil are sufficiently delayed, nutrient limitation could become more
severe, decreasing rates of carbon fixation and hence decreasing car-
bon storage.

In the context of changes in biogeochemistry in terrestrial sys-
tems, five geographic areas are judged as critical foci for experimental
ecosystem studies; wet tundra, boreal forests, temperate forests in
areas receiving nitrogen deposition, tropical forests, and semiarid
ccosystems. These are selected for their potential sensitivity and
contribution to global change.
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Tundra 3

Tundra is particularly important because of the large store of
organic carbon contained in soils as a consequence of slow deposition
caused by cold temperatures and waterlogging. Greenhouse warming
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is predicted to be most pronounced at high latitudes, and may be
expected to increase CO, fixation by plants and to increase decompo-
sition and CO, release. However, if the climate also becomes wetter,
the pool of organic soils in the tundra may increase, with the result
that there may be an increase in carbon accumulation but with an
associated increase in the release of CH,. Experimental studies are
needed to test these hypotheses.

The interactive effects of CO, and climate can be addressed
through controlled studies. Replicated greenhouses with elevated
temperatures and/or CO, have been established in tussock tundra,
and growth and net CO; fixation have been measured for three grow-
ing seasons. This established in part the basis for what is needed:
a large-scale effort (large greenhouses, year-round sampling, studies
on arctic coastal plain and subarctic mire as well as upland tundra,
investigations of interactions with the nitrogen cycle) to (1) elucidate
the net effects of climate-CO, interactions on carbon and nitrogen
storage and (2) clarify their probable feedbacks to the greenhouse
effect. The low physical stature of tundra ecosystems makes them
particularly suitable for such an experimental approach, although
their remoteness and the harshness of the environment pose a. signif-
icant challenge. As a first step, low-stature temperate systems could
be used as candidates for enclosure experiments under climate and
CO; and nutrient treatments.

In high latitudes, in situ and greenhouse experimental studies
should be supplemented and extended through measurement pro-
grams to obtain net fluxes of CO, and CH,4 during warm versus cold
periods over large spatial scales.

Boreal Forests

Many characteristics of boreal forests, upon which prediction of
responses to climate change could be based, are inadequately un-
derstood. Biomass densities, rates of nutrient cycling, and chemical
characteristics of litter material would change as a consequence of
greenhouse warming. An example of the potential importance of
such change is that the temperature-moisture niche occupied by bo-
real forests no longer exists in many of the climate model projections
for a doubled CO,. Even granting the imperfection of climate models
and the uncertainty of using temperature and moisture patterns as
statistical estimators of potential vegetation, it is likely that major
changes will occur in the high-latitude forests of the world.
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How might the distributions and composition of boreal systems
change? How might these changes feed back to the atmosphere and
climate? What is the fate of the stored nutrients in these systems?
Experiments to answer these and other questions need to focus upon
the linkages between processes within boreal forests and climatic
conditions. This is not done easily through enclosure experiments
or even manipulations. However, natural gradients of climate within
boreal systems could be used to gain much of the needed insights
on their dvnamics. Such gradients should cross both areas of high
nitrogen deposition and unaffected regions.

Temperate Forests: Nitrogen Depositional Areas

Nitrogen emission from industrial activity (and consequent rede-
position) represents a large flux of nitrogen (ca. 50 x 10!? g/yr) and
is globally significant relative to biological fixation. Moreover, the
deposition is concentrated in temperate areas (eastern North Amer-
ica, northern Europe), where (at least in the past) nitrogen probably
limits plant growth and carbon accumulation. Annual deposition in
eastern North America (ca. 10 kg/ha/yr) is significant in comparison
to annual nitrogen circulation in those forests (ca. 100 kg/hafyr). In
some areas of Europe, deposition is as high as 50 kg/ha/yr. How
much of the nitrogen deposited is re-emitted as N 2, N2O, and NO,, or
leached as NO3~? How much additional carbon is fixed and stored
as a consequence of deposition?

These questions can be approached in a manner analogous to
that used to study effects of elevated CO, in enclosure experiments.
Controlled ecosystem-level studies can be set up in which treatments
are applied including added nitrogen (low levels similar to deposition
rather than fertilization), elevated CO,, and changes in moisture and
temperature regimes. The nitrogen portion of these measurements
is under way at several sites. The interaction between elevated CO,,
altered temperature and moisture, and added nitrogen will require
controlled glasshouse studies and could be supported by atmospheric
boundary layer studies. Ecosystem-level modeling and measurement
programs across natural gradients will be needed to supplement en-
closure experiments.

Ecosystem-level enclosure experiments, as for the tundra, are
essential since the added nitrogen may decrease tissue C/N and
thereby increase decomposition/nitrogen release. While enclosure
experimental work may be difficult because of the increas.d stature,
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certain low-stature temperate systems do exist; furthermore, logisti-
cal difficulties, paramount in high latitudes, are less of a problem.

Tropical Forest

The direct effects of increasing CO,, possible changes in precip-
itation, and anthropogenic changes in tropical systems could all be
globally significant. Tropical forests on young fertile soils are highly
productive and circulate more nitrogen and phosphorus than any
other terrestrial ecosystem. In contrast, infertile tropical soils (c.g.,
central Amazonia) remain relatively productive but are extraordi-
narily low in phosphorus. Conceivably, elevated CO, could cause
increased photosynthesis and possibly storage, but this may not be
the case in the mcre infertile areas. It would be useful to undertake
measurements to examine the question of whether increased CO,
increases photrsynthesis in a range of tropical forests. It would be
of particular interest to examine whetlier the increase in carbon fix-
ation could cause increased nitrogen fixation, given the abundance
of nodulated legumes in many tropical forests. This measurement
is difficult because of the stature of tropical forests, but first steps
could probably be addressed without chambers.

The distribution of precipitation in the tropics is interesting be-
cause of the very sharp transitions in both space and time between
forest and savanna. Savanna is dominated by C4 grasses, stores less
carbon and cycles less nitrogen than forest, and burns more readily
(and often is present because of burning). The transition fro 1 forest
to savanna and back thus could involve differential changes in storage
of carbon and nitrogen and gas release (between or during fires). An
understanding of the underlying mechanisms could indicate whether
(1) areas currently forested can invade savanna areas (because el-
evated CO, favors C3 species) or (2) human activity can convert
additional forest to savanna. Such information would also be useful
for interpreting the paleorecord during the last glacial cycle when, as
many believe, much of what is now lowland forest was savanna.

Finally, current human population growth is concentrated in the
tropics and will remain so for the foreseeable future. Large-scale land
clearing is primarily a tropical phenomenon at present: the currert
range on the estimate of the rate of conversion of closed canopy
tropical forest to agriculture is 70,000 to 100,000 km?/yr. Mcst
natural systems dominated by perennials 1apidly lose large amounts
of carbon and nitrogen from soil upon conversion to agriculture:
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the carbon as CO, (except where wetland rice is established), the
nitrogen as nitrate. Overall loss is often 25 to 40 percent of the
amount in soil, and whereas this process takes 40 to 50 years in
temperate regions, it can occur 10 times faster in the tropics.

Large fluxes of carbon and nitrogen are released with tropical
land clearing. It is important to determine what systems are be-
ing converted, what the relevant standing stocks are, and what the
rate of conversion is. Space-based observations are perhaps most ap-
propriate for answering these questions. More difficu: but equally
important, we need to understand what regulates the rate and path-
way of important loss of carbon and nitrogen following land clearing
or conversion, and to establish what regulates the quantity and qual-
ity of carbon and nitrogen pools upon recovery. Such an efort would
require determining the fraction of loss that occurs as CO; versus
CHy, and as NO3~ versus N; versus N,O versus NO,. Nitrogen is
particularly important because, while NO3~ is the primary form of
nitrogen loss in the temperate zone, N;O and NO, fluxes are much
greaier in tropical forests than they are in temperate forests. Most
importantly, the mechanisms controlling pathways of loss or gain
must be analyzed in order to extrapolate the fluxes over the range of
land uses/ecosystems that are being affected. CO, is also interesting;
while elevated CO, may not significantly affect forest carbon storage,
it could certainly affect the rate of recovery on fertile sites.

Semiarid Ecosystems

Humans depend very heavily on the livestock and agricultural
productivity of subhumid and semiarid ecosystems, particularly in
the tropics. Any changes in these areas, which are already marginal,
would have important ramifications for human society. Subtropical
areas may become drier with greenhouse-induced warming, which
could interact with human-caused desertification (overgrazing, irriga-
tion-induced salinization, accumulation of toxic metals) to cause
large-scale changes in carbon and nitrogen storage and nitrogen gas
production. Opposing this effect would be an increase in the effi-
ciency of plant water use caused by elevated CO,. Nutrient inter-
actions will also occur since in most semiarid systems productivity
is jointly controlled by water and nitrogen. Herbivory is ubiquitous
in semiarid areas ~nd greatly influences wa.er, nitrogen, and CO,
dynamics, as well as other parameters controlling physical climatic
interactions. Controlled studies involving both CO, and aridity in
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desert grassland, shrub-steppe, and dry tropical forest could deter-
mine whether the net effect would result in carbon storage or release.

In summary, there is a need for coordinated studies of selected
ecosystems, to define the diverse impacts of human activity associ-
ated with altered supplies of carbon, nitrogen, and sulfur, and the
sensitivity of paths for nutrient cycling to changes in climate. In-
tegrative, coordinated studies of a broad areal extent over natural
ecosystems are needed in an overall research strategy, as are exper-
imental modifications, including enclosure experiments, of systems
that can provide invaluable insights. Finally, a comprehensive strat-
egy must include a commitment to a long-term observing system
both from space and from the ground.

BIOGEOCHEMICAL CYCLING IN FLUVIAL SYSTEMS

Rivers provide an important means for transfer of materials
from the land to the ocean. They supply a significant fraction of
the ocean’s store of nitrogen nutrient and the bulk of its phosphate.
Changes in this input may have particularly important effects on
coastal ecosystems and in addition can affect oceanic productivity
during the transition in and out of glacial periods. Rivers offer an
excellent integration of biogeochemical processes operating in specific
watersheds. Consequently, studies of riverine chemistry can provide
an invaluable perspective on the significance of changes occurring
over large regions. For these reasons, in consort with directed studies
of specific terrestrial systems, they should play an important role in
the overall strategy of the IGBP.

Estuaries and coastal regions are of particular interest. They
may be expected to undergo especially rapid change due to the rising
level of the ocean, which is anticipated to occur as a consequence of
climatic warming over the next century or so. Sedimentary deposition
in estuaries of major rivers can represent an important intermediate
reservoir for phosphorus and nitrogen. As a result, processes that
affect sedimentation and resuspension may exert a major influence
on the flux of phosphorus and nitrogen to the ocean as well as having
a direct influence on estuarial and coastal ecosystems. Recent studies
suggest that inorganic processes in turbid estuaries may enhance the
dissolved phosphorus-flux by up to a factor of 2. It is important to
assess the size of the sedimentary reservoir as well as the factors that
influence its deposition and erosion, and to identify how it might
change in response to changes in climate.
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Measurements of the chemistry of primary nutrients in selected
major estuaries merit careful study. There is 2 need for a long-term
measurement program to define the flux of phosphorus and nitro-
gen to the ocean, with attention directed to the role of sediments in
estuaries and coastal regions in light of their potential importance
as teruporary holding reservoirs. Complementary laboratory experi-
ments on sedimentary matciial will also be needed to clarify poorly
understood chemical processes.

The residence time of dissolved phosphorus in the ocean is ap-
proximately 100,000 years. The time scale for changing the phos-
phorus-concentration in the ocean is therefore similar to that for ma-
jor episodes of glaciation. The time scale for oceanic nitrogen is much
shorter, about 10,000 years. Fluctuations in the terrestrial fluxes on
nitrogen and phosphorus, due to variations in weathering and estu-
arine processes, and exchange with coastal sediments, could have an
effect on temporal variations in oceanic nutrients, and consequently
global climate, through cha.ges in oceanic productivity. Thus pre-
vious models of the geoctemical cycles of nitrogen and phosphorus
that assume steady state behavior may need to be modified to explore
implications of nonsteady state models for ocean nutrient cycles.

The supply of phosphorus to the world’s oceans is controlled
ultimately by the rate of continental weathering. Hence transport of
phosphorus can be directly affected by climate through its influence
on weathering rates. Studies of riverine chemistry can contribute to
a better understanding of this interaction. Partitioning of phospho-
rus between aqueous solutions and solid phases depends upon the
chemical conditions of the weathering environment. It is important
to understand the mechanics of weathering under various climatic
conditions in order to assess the chemical parameters that determine
the initial partitioning between phases.

After weathering there is an opportunity for additional chemical
alteration of solid phosphorus-bearing phases as phosphorus is in-
corporated in terrestrial ecosystems, and as it is transported in the
rivers. It has been suggested that modifications of the chemical form
of phosphorus can occur through surface interactions with colloidal
metal oxides, and through dissolution caused by changes in solu-
tion parameters and biological activity. These matters merit further
study.
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BIOGEOCHEMICAL CYCLING IN OCEAN SYSTEMS

The Carbon System and the Biological Pump

The oceans are by far the largest active reservoir of carbon.
Recent estimates of the total amount of dissolved inorganic carbon
in the sea establish its range as between 34,000 and 38,006 x 105
g carbon. Only a small fraction js CO; (mole fraction 0.5 percent);
the bicarbonate ion with a mole fraction of 90 percent and the
carbonate ion with a mole fraction of just under 10 percent are the
dominant forms of dissolved inoy ganic carbon. The dissolved organic
carbon pool has been reported to be similar in size to the pool of
terrestrial soil carbon, but recent data suggest that it may in fact be
considerable larger.

Although the oceans are the largest active reservoirs of carbon
and cover 70 percent of the giobe, the total marine biomass is only
about 3 x 10!5 g C (though such estimates are uncertain at best),
or just over 0.5 percent of the carbon stored in vegetation. On
the other hand, the total primary production is 30 to 40 x 1015
g C/yr, corresponding to 25 to 40 percent of the total primary
production of terrestrial ccosystems. A portion of this production
results in a sink for atmospheric CO,, primarily through the sinking
of particulate carbon. As a consequence of this “biological pump,”
the concentration of dissolved inorganic carbon is not uniform with
depth: the concentration in surface waters is 10 to 15 percent less
than that in deeper waters. There is a corresponding depletion of
phosphorus and nitrogen in surface waters, even in areas of intense
upwelling, as a result of biological uptake and loss of detrital material.

The fate of this material depends, in part, upon its chemical
characteristics. If it is in the form of organic tissue, then it is oxi-
dized at intermedijate depths, which results in an nxygen minimum
and a carbon, nitrogen, and phosphorus maximum. If it is carbon-
ate, it dissolves below the lysocline, raising both alkalinity and the
concentration of carbon, at depths where the high pressure increases
the solubility of calcium carbonate.

Thus the “biological pump” lowers the partial pressure of Co,
in surface waters and enhances the partial pressure in waters not
in contact with the atmosphcre. The efficiency of the biological
pump depends on the supply of nutrients to surface waters, food
web dynamics, and sinking losses of particulates to the deep sea. It
may be expected to respond both to changes in the strength of the
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overall thermohaline circulation and to variations in the abundance
of nutrien.s, primarily nitrogen and phosphorus.

A porticn of the nutrient flux to the surface returns to the deep
sea unused by the biota, carried along by the return flow of waters
' in downwelling systems at high latitude. A high concentration of

inorganic nutrients in downwelling systems would indicate that the
efficiency of the biological pump is low and would favor transfer of
CO, from the deep sea to the atmosphere. It is important to define
the physical, chemical, and biological processes that regulate the
concentration of organic nutrients in descending water masses, the
flux of so-called preformed nutrients. The concentration of preformed
: nutrients may be expected to reflect physical processes, and it can be
influenced also by biological activity to the extent that this activity
can result in packaging of carbon, nitrogen, and phosphate ir. fecal
material that can fall to the deep, providing a path for transfer of
nutrients from the surface to the deep independent of the physical
; processes such as those responsible for the formaticn of deep water
i in high latituds.

There is a need for careful, coordinated studies of the processes 1
responsible for transfer of nutrients from the surface to the deep. .

There is a particular need for studies of the relative role of physics -
and biology in regulating transfer at high-latitude, where the transfer

mechanism may be influenced by seasonal variations in the extent

of sea ice. Measurements must extend over all seasons, posing con-

siderable difficulties in light of the logistical problems posed by the

need for measurements during the harsh conditions characteristic of

the high-latitude marine environment.

Internal Nitrogen Cyecling in the Ocean

In the ocean today the process of nitrogen fixation provides less

than 1 percent of the nitrogen demand of the primary producers.

: Global contributions from riverine discharge plus wet and dry atmo-

N spheric deposition are thought to be similarly small. Nearly all of

the nitrogen requirement is met by recycling via heterotrophic pro-

cesses (ammonification and nitrification): ammonium, with lesser

quantities of nitrate and nitrite, provides most of the nitrogen re-

quirement for primary production in the sea. Organic nitrogen exists

at intermediate concentrations. but the bulk of this material is very
refractory, with turnover times of 102 to 1n? years.

Sone nitrogen ‘s shunted out of this loop via permanent burial in
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sed:ments, but the major loss of nitrogen from the marine system oc-
c..rs because of denitrification, whereby nitrate is reduced to N, and
N.O and lost to ihe aumnospiere. This process is most active in the
ocean loday in the eastern ‘ropical Pacific, in the waters underlying
highly productive upwelling regions. In fact the best global estimates
for denitrification lead one to conclude that, currently, nitrogen is
being lost from the sea more rapidly than it is being gained.

Very little is known about the facters that regulate th> dominant
input term, nitrogen fixation. The most abundant oceanic cyanobac-
terium known to he capable of fixaticn, Trichodesmium, has never
been cultured. At best, isolates have been maintained in the labora-
tory for a few months. When this organism is successfully established
in laboratory culture, and optimal growth conditions defined, we will
be able to ascertain better the factors that currently limit nitrogen
fixation in the sea.

There is increasing ev.dence that eucaryotic phytoplankton, di-
atoms in particular, harbor intracellular inclusions of cyanobacteria
that may be significant in terms of global marine fixation of nitrogen.
Strategies involving monoclonal antibodies are now being suggested
as a new approach to identifying and quantifying the process of nitro-
gen fixation in the sea. Undoubted] , there are other opportunities
yet te be explored that could bring the modern methods of molecu-
lar biology to bear on pressing issues related to the marine nitrogen
cycle. Ii is essential that we develop a more complete understand-
ing of the physical, chemical, . 1d biologjcal processes regulating ihe
complex life cycle of nutrients in the gz,

The Se’imentary Record

Certain geochemical and biological properties are recorded in
oceanic sediments and form the basis for our deductions about global
environmental changes. For example, we infer past temperatures of
the ocean from counts of the relative abundance of the fossils of
organisms preferring cold and varm ocean waters, or from measure-
ments of the oxygen isotope composition of the fossils.

While the empirical and the sretical justification for these infer-
ences 1s generally accepted, there is a distinct lack of direct global-
scale documentation of the relationship between the sedimentation
and geochemistry of fossils and the physical and chemical proper-
ties of the modern ocean. Such studies are imperative if we are to
quantify the error limits to be placed on inferences concerning past
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climates and ocean chemistry. They are essential if we are to recog-
nize situations where our inferences may be misleading or in error. As
an example, consider the carbon isotope composition of planktonic
foraminifera from high-latitudes. One class of theories for the low
glacial levels of atmospheric CO, predicts that the §'3C in the high-
latitude surface waters in glacial times should be shifted to reflect a
larger abundance of 13C relative to the deep sea. In principle, we ex-
pect that we should be able to monitor past changes in high-latitude
13C using measurements of carbon in the shells of fossils that grew
in surface waters. But it is reported that high-latitude planktonic
fossils reveal a lower abundance of '3C in glacial times than would
be indicated by theoretical expectations. Does this mean that the
theories are wrong, or does it mean that the evidence is mislead-
ing? Perhaps it means that the foraminifera do not accurately record
the 13C of the water they grow in, or perhaps “hat the sedimentary
foraminifera were formed in a season other than that crucial to the
theory.

Rather than reject either the theory or the oceanic evidence out
of hand, a study of the global behavior of biological sedimentatiun,
through ocean flux measurements. provides the opportunity to make
a direct determination of the accuracy of foraminifera as recording
systems for high-latitude surface *C and the extent to which sea-
sonal flux changes might bias the sedimentary record. With knowl-
edge gained from studies of the contemporary ocean we would hope
to be able to read the sedimentary record better and therefore de-
rive valuable information on past ocean circulation, chemictry, and
primary productivity.

Deep ocean circulation is one of the important controls on climate
and atmospheric CO,, due to its role in the global redistribution of
heat, salt, and biochemically important elements. In order to predict
future climate, it is important to understand the potential variability
of deep ocean circulation. The study of past changes in ocean circula-
tion inferred from deep-sea cores will provide a long-term perspective
on the ongoing effort to develop an ocean climate model, in partic-
ular, with regard to past and future changes in atmospheric CO,,
as noted above. Ocean circulation modifies the effectiveness of the
“biological pump” in isolating the atmosphere from the deep ocean
and is a significant factor in controlling the alkalinity of the ocean
through its influence on the deep ocean concentration of CO3~~ and
the lysocline.
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Data on geochemical tracers from fossils of bottom-dwelling or-
ganisms show that ocean circulation during the most recent glacial
maximum was drastically different. In particular, it appears that
North Atlantic deep water formation was significantly curtailed,
while intermediate-depth waters in the North Atlantic were sub-
stantially more nutrient-depleted. Nonetheless, !4C studies of deep
ocean fossils suggest that the overall ventilation rate of the deep
ocean has remained similar to that of the modern ocean.

Continued development of a global database documenting three-
dimersional changes in deep ocean circulation during the late Pleis-
tocene is needed. Such a database should include measurements of
carbon isotopes, cadmium, and 1C in benthic foraminifera. These
measurements should be coupled with documentation of changes in
the deep ocean carbonate system through studies of the preservation
and accumulation of calcium carbonate jn deep ocean sediments. The
results of these studies should be coupled with biogeochemical mod-
els for the transfer of nutrients and carbon through the ocean. These
goals can be achieved through the continued study of archive sedi-
ment cores, but will also require continued efforts to obtain suitable
large-diameter cores in key parts of the ocean. Large-diameter cores
are needed to provide material sufficient to allow simultaneous mea-
surement of key properties as well as retentjon of archive material to
be used as new techniques are developed over the next decade. Cores
taken in regions of high sedimentation rates are needed to provide
information on rates of change that have occurred in the recent past.
Studies of the effects of rapid change, such as the Younger Dryas cold
interval about 10,000 years ago, on ocean circulation and chemistry
can provide valuable information on the response time of the global
climate system.

A global carbon isotope data base will also be of use in the
evaluation of the magnitude and rates of change of the continental
biomass. Carbon that is currently in the biomass was transferred to
inorganic form in the ocean during the last glacial maximum. The
magnitude of the associated transfer should be reflected in the §'3C
of benthic forams.

The magnitude and timing of past changes in the phosphorus
content of the ocean will be key to obtaining an understanding of
the global phosphorus cycle. Because of the long time constants
involved (approximately 105 years), variability in sources and sinks
of phosphorus are difficult to study directly on a global basis. But
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the consequences of past imbalances between input and output of
phosphorus in relation to climate change can be examined.

Most of the phosphorus in deep ocean sediments is detrital (i.e.,
it is what remains of the particulate phosphorus that fell through
the water without being released to dissolved form), but it is diffi-
cult to make a satisfactory estimate of the rate of loss of dissolved
ocean phosphorus into sediments. Because of the biological and cli-
matological importance of the phosphorus budget of the ocean, it
is important that continued attempts be made to overcome this dif-
ficulty. There are indications that much of the loss of phosphorus
may occur in limited regions of the ocean (such as in areas of high
biological productivity; ard/or low bottom water oxygen), and it is
particularly important to encourage the study of authigenic phospho-
rus sedimentation in these environments. The success of these efforts
will depend on significant breakthroughs in the methods of studying
phosphorus sedimentation. The importance of the phosphorus mass
balance justifies significant efforts in this direction.

Study of the past phosphorus content of the ocean is also a key
in testing some models of past changes in atmospheric CO;. The
phosphorus content of the deep ocean is one of the most significant
factors in setting the CO, content of the atmosphere. Current ev-
idence based on studies of the carbon and phosphorus analogues,
13C and cadmium, respectively, suggest that the oceanic phosphorus
inventory has not changed as drastically in the past as suggested
by some models seeking to account for the observed reduction of
atmospheric CO; (to 200 ppmv during glacial times). For example,
the cadmium content of the ocean, which is empirically correlated
with phosphorus concentration though the causal mechanisms are
not clear, does not appear to have changed by more than 20 percent
over the last 300,000 years. It is possible that the Cd/P content of
the ocean is not fixed for long geological times. Further constraints
can be placed by paired measurements of !*C and cadmium, since
the slope of the relaticnship between these two properties depends on
the oceanic phosphorus content. Progress can he made then without
making any assumptions concerning the Cd/P ratio of the ocean.

In view of the importance of documenting changes in the phos-
phorus cycle of the ocean, extension of the database of paired '3C
and cadmium measurements from benthic foraminifera from the late
Pleistocene ocean, and exploration of the relationship between these
properties in the more distant geological past, are imperative.
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BIOGEOCHEMICAL CYCLING IN THE ATMOSPHERE

An understanding of the factors regulating the chemistry of the
atmosphere is essential to the success of the IGBP. The atmosphere
provides an early warning of changes in globally dispersed ecosys-
tems. Measurements of selected gases, CO,, CH4, N,0, hydrocar-
bons, and dimethylsulfide for example, can help diagnose changes in
the metabolism of specific systems. In addition, we need a continuing
focus on the significance and nature of the changes taking place in
the troposphere and stratosphere.

The phenomenon of the antarctic ozone hole, its recent discov-
ery and belated investigation, clearly attests to the still fragmentary
nature of our understanding. We are just beginning to focus on the
changes taking place in tropospheric Q3. There is growing evidence
that the abundance of tropospheric O3 is increasing over large re-
gions, that the urban smog phenomenon is no longer confined to
cities. This has clear implications for productivity in impacted areas
and may be expected to significantly affect biogeochemical cycling
over extensive regions. The chemistry of tropospheric O3 assumes
additional importance in that the abundance of OH may be expected
to change in response to changes in lower atmospheric Q.

The radical OH is the ultimate cleansing agent for a wide range
of gases emitted to the atmosphere. It regulates oxidation of nitrogen
and sulfur compounds and oxidation of CO, triggers the initial steps
in oxidation of various hydrocarbons, and is responsible for removal
of a wide variety of industrial halocarbons,

The abundance of stratospheric Oy is influenced by the input of
halogenated gases. Oxides of nitrogen, introduced to the stratosphere
by decomposition of N,O and by processes triggered by absorption
of cosmic rays and solar protons, play an important role in removal
of O3. The level of Oy is expected to change in response to changes
in CO,, leading to stratospheric cooling compensating tropospheric
warming. An increase in CH, can reduce the reservoir of chlorine
radicals by favoring conversion of Cl to HCl. Changes in CH4 can
also lead to changes in the abundance of stratospheric H,0, with
important consequences for the chemistry of NO,, Cl,, and O, and
potentially for climatz. It is essential that we develop an understand-
ing of the factors resulting in changes in the abundance of all of the
stratospherically relevant species, with particular attention to CH,,
CO2, N,0, and the halocarbons.

These objectives are being addressed in the stratospheric re-
search programs coordinated mainly by NASA. They must continue
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to receive vigorous attention. A significant rolc is played by NO, in

production of tropospheric O3. In the presence of elevated levels of
NO., oxidation of hydrocarbons, both natural and anthropogenic, is
expected to lead to production of tropospheric Oj.

The phenomenon has been studied extensively in cities and is
an important contributor to the formation of urban smog. There is
evidence that effects of pollution on tropospheric Q3 are widespread.

: Episodes of high O3 are observed over extensive spatial scales in
summer in the eastern United States and in Europe. Levels of O3 are
high enough to affect the productivity of agricultural crops and nat-
ural ecosystems. The interactions of evident changes in atmospheric
chemist;y and climate with vegetation must be better quantified.

Preliminary results from the Atmospheric Boundary Layer Ex-
periment (ABLE) experiments in the Amazon Basin indicate that
‘ removal of O3 from the atmosphere is correlated with uptake of CO,
b by vegetation. Experimental strategies have been developed to in-
vestigate this interaction. They should be applied to a variety of
ecosystems if we are to undersiand how the biosphere responds to
| changes in atmospheric chemistry. We need to define the response of
i ; the biota to this change and how the chemical environment might be ’
. altered by the altered state of the vegetation.

Studies of experimentally manipulated systems would contribute
to a better understanding of the underlying synergisms. These stud-
E ies shoul< include investigations of the consequence of deposition,
i : both dry and wet, of acid species, particularly oxides of nitrogen
3 and of sulfur. It is also important to study the response of nataral

ecosystems to enhanced levels of ultraviolet radiation, particularly
; so in light of recent evidence for a globally significant decline in the
P level of stratospheric O3. Studies of tropospheric chemistry are less
mature than studies of the stratosphere, but equally important.

The Global Tropospheric Chemistry Program and its national 1
component (NRC, 1984; UCAR, 1986) are well formuiated, but im-
plementation is so far slow. There is a clear need for resources to
be directed to these activities to stimulate the pace of research. The
objectives are to understand the processes regulating the composi-
tion of the troposphere with particular attention to oxidants and to
define paths for removal of biospherically formed gases.

The abundance of tropospheric O is expected to depend on rates
of input of NO, and hydrocarbons. 05 and other oxidants in surface
: air can interact with vegetation. We need to understand the factors
i regulating this interaction, its impact on the biota, and the nature
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of the response of the biota as it might affect the emission of impor-
tant chemical elements. We need a better understanding of processes
regulating emission of NO, N,O, CH,, CO,, hydrocarbons, natural
halocarbons, and hydrocarbons. This will require intensive inves-
tigations of specific ecosystems, supported by appropriate chemical
investigations of the life cycles of these gases in the atmosphere. Our
understanding of processes must evolve such as to allow prediction
of the response of ecosystems to change. If our agenda is confined to
simply describing what happens now, we shall fail seriously to meet
our objectives. The current agenda for research in atmospheric chem-
istry is directed toward understanding the atmosphere as it is and as
it may change in the immediate future. It recognizes the importance
of the atmosphere as an agent for transfer of chemical species from
one compartment of the biosphere to another (NO, and SO,, for
example). It recognizes that emission of biogenic gases such as CO,,
CH4, N,0, and dimethylsulfide can lead to effects on climate. It is
important to extend this perspective to the past. The information
contained in the paleorecord will allow models to be developed for
the paleoatmosphere. These models in turn will play an essential
role in the interpretation of the paleorecord. For example, it should
be possible to estimate rates for production of CH, in the past using
measurements of Cl4 in ice cores in combination with data on NO,
and other relevant species.

Fortunately, ice _ores offer a record closely related to conditions
in the atmosphere. Air bubbles preserved in ice provide a rare oppor-
tunity to determine the past composition of the atmosphere. We can
see clearly recorded through time the changes in CO; and CH, since
the beginning of the industrial revolution. Changes in atmospheric
composition associated with major changes in climate are also pre-
served. The available data provide a glimpse of conditions in our
atmosphere extending back to about 160,000 years before present
(B.P.). It may be possible to expand this horizon even further, per-
haps as far back as 400,000 years B.P., using the planned Greenland
Ice Sheet Program II core from Greenland.

Our krowledge of the changes in atmospheric composition that
have taken place since the industrial revolution is based almost ex-
clusively on the measurements from ice cores. We know that the
level of CO, has risen from about 280 ppm to almost 350 ppm. The
ice has provided also a record of CH, that indicates that CH, abun-
dances have risen from about 0.7 ppm to a contemporary value near
1.7 ppm. Further, the ice core record has a limited overlap with
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modern analytical measurements in the atmosphere, which provides
an important test of the reliability of the data derived from the ice.
Studies of the isotopic composition of CO; in ice allow us to dis-
criminate between sources of CO, derived from biomass burning and
CO, from fossil fuel. When taking up CO; during photosynthesis,
vegetation discriminates against 13C and !'4C. Consequently, vege-
tation, humus, and fossil fuels are depleted in 13C, Vegetation and
humus are similarly depleted in 14C, but because 1*C is not stable,
there is no '4C in fossil fuels. As a consequence, when one oxidizes
vegetation and humus versus fossil fuels, there are different dilution
factors operating. Thus, given the period of fossil fuel combustion, a
record of atmospheric isotopic ratios, the uptake of CO, by oceans,
and estimates of the fractionation during CO, transfer from air to
sea and from air to terrestrial vegetation, it is possible to provide
solid checks on any model of the CO» system.

Similarly, 13CH, measurements wre available and provide a strin-
gent test of models seeking to account for the recent rise in CHg as
well as providing invaluable clues as to the nature of the processes
responsible for the rise. There are indications that the preindustrial
source of CH, was isotopically lighter, by about 2 percent. An ad-
equate model for CHy must account for the isotopic composition of
the preindustrial source and for the enhanced recent production of
13CH,.

The ice cores also record anthropogenic disturbances in the cycles
of nitrogen and sulfur. Industrial sources of NO3~ and SO4~~ are
seen clearly in cores from Greenland. These data are especially useful,
in combination with general circulation models of the atmosphere, in
assessing the long-term impact of human activities. Measurements
of NO3~ and SO4~~ in mid-latitude and tropical latitude glacial
reservoirs can also be useful in this context.

The long-term record of change is equally illuminating. Studies
of gases trapped in polar ice cores have shown that the level of atmo-
spheric CO; is low, about 200 ppm, in glacial times, rising to about
280 ppm during interglacials. It is generally assumed that variability
in CO, on such time scales must reflect changes in the function of the
ocean, since the quantity of carbon stored in the ocean vastly exceeds
that in the combined reservoirs represented by the atmosphere, soils,
and terrestrial biospheres. However, evidence that CH4 appears to
track climate is intriguing and puzzling. The concentration of CH,4
reaches as low as 0.3 ppm at peak glacial conditions. Since terres-
trial systems are thought to play a dominant role in production of
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CH4—in contrast to the case of CO,, where exchange with the ocean
is important—we expect that the new data on CH,, in combination
with pollen records allowing reconstruction of the geographic dis-
tribution of biomes, will permit valuable information to be drawn
concerning the past condition of the terrestrial biosphere.
Measurements of CH, in combination with data on H,0, and
NO;~ should also provide clues to the changes that may have taken
place in the chemistry of the atmosphere in the past. In turn, such
studies will broaden the perspective of atmospheric chemistry, en-
hancing our ability to assess the present and hopefully predict the
future. Measurements of atmospheric species interpreted in this man-
ner can be used to monitor the metabolism of the global biosphere
and can provide a focus for a wide range of paleo-investigations.

SUMMARY OF RESEARCH OBJECTIVES

The detailed research needs to understand the biogeochemical
component of global change as described above can be summarized
in terms of the following general objectives:

e To develop a better understanding of the current disposition
of the major biogeochemical elements. This requires better definition
of the quantities of carbon, nitrogen, phosphorus, and sulfur stored
in major ecosystems.

e To develop a long-term database documenting changes in
environmental parameters that affect rates of nutrient cycling, in-
cluding a record of changes in the geographical distribution of major
ecosystems and their capacities as storage reservoirs for carbon, ni-
trogen, phosphorus, and sulfur.

o To enhance understanding of processes regulating disposition
of nutrients in selected terrestrial ecosystems. This will require care-
fully crafted experimental strategies using a variety of apj oaches,
including passive observations of natural systems, selected manipu-
lation of natural systems, studies of large and small enclosures, and
selected laboratory investigations. Experimental strategies should be
designed to enhance understanding of how cycling of biogeochemical
elements in specific terrestrial ecosystems might respond to changes
in physical and chemical climate.

e To define the changes in fluvial chemistry that might occur
as a consequence of changes in land use patterns. Riverine and lake
studies can provide an integrated record of the large-scale impact
of changes in watersheds. Such studies can also contribute to a
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better understanding of processes regulating transfer of nutrients to
estuaries, coastal ecosystems, and ultimately to the ocean.

e To improve understanding of the factors regulating fixation
and denitrification in the ocean. Process studies to address this
objective are needed.

¢ To improve understanding of controls on marine phosphate
and to better define the influence of nutrient cycling in the ocean
on the level of atmospheric CO,. Processes at high latitudes merit
special attention in this respect.

e To quantify sources and sinks of important greenhouse gases
such as CO,, CH,, and N,O and to define the response of the bio-
sphere to changes in atmospheric composition. Studies of atmo-
spheric chemistry in combination with ecosystem investigations are
needed, as are integrated studies of the troposphere and stratosphere.

e To use the archives of the paleoenvironment preserved in ice
and sediments to help develop and test models of the cycling of major
biogeochemical elements and the feedbacks and linkages.

REFERENCES

National Research Council. 1984. Global Tropospheric Chemistry. Washington, D.C.:
National Academy Press.

National Research Council. 1985. Goals and objectives for the global hydrologic cycle.
Chapter 6 in A Strategy for Earth Science from Space in the 1980’s and 1990's
Part II: Atmosphere and Interactions with the Solid Earth, Oceans, and Biota.
Washington, D.C.: National Academy Press.

National Research Council. 1986. Global Change in the Geosphere-Biosphere: Initial
Priorities for an IGBP. Washington, D.C.: National Academy Press.

University Corporation for Atmospheric Research. 1986. Global Tropospheric Chem-
istry: Plans for the U.S. Research Effort. Office for Interdisciplinary Farth
Studies Report 3. Boulder, Colo.

APPENDIX: WORKING GROUP
ON BIOGEOCHEMICAL DYNAMICS

February 20-21, 1988
Harvard University
Cambridge, Massachusetts

Michael B. McElroy, Harvard University, chairman
Fakhri A. Bazzaz, Harvard University

Edward Boyle, Massachusetts Institute of Technology
William C. Clark, Harvard University




68

Margaret Davis, University of Minnesota

John Edmonds, Massachusetts Institute of Technology
Lewis ¥ox, Harvard University

James J. McCarthy, Harvard University

John Torrey, Harvard University

Peter Vitousek, Stanford University

O I I I

Gy

B e oo . N
o P

:
i
3
i
1




Ecological Systems and Dynamics

COORDINATOR: MARGARET B. Davis

Ecological systems play a complex role in global change, as previ-
ous documents have emphasized (Bolin et al., 1986; ICSU, 1986a,b;
National Research Council, 198€a). The following questions illus-
trate the information required to improve understanding of the role
of ecological systems in global change:

¢ What are the most significant global variables affecting the
dynamics of ccological systems, and how can biotic responses to
global change be predicted?

* What ecolcgical processes and mechanisms require further
understanding, and what data sets are essential to model biotjc
responses to global change?

o What are the temnporal and spatial dynamics in the responses
of ecological systems to global change? How can they be docu-
mented?

* How will transfers of materials across ecosystem boundaries
be affected by global change?

This paper is the result of discussions at two workshops on ecological systems
and dynamics, one focusing on terrestrial systems and one on merine systems. The
contributions of those participants listed in the appendix to this paper are gratefully
acknowledged.
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e How do past responses of ecological systems, recorded by the
fossil record, aid in predicting future response to global change?

e What are the characteristics and generalities of the feedback
processes between ecological systems and the global system?

The first five questions are discussed below. Feedbacks to the
global system are referred to throughout this paper, and are ad-
dressed specifically in the companion paper on “Climatic and Hydro-
logic Systems.” The final section discusses research priorities for the
ecological component of a research program on global change.

Responses of ecological systems to global change are complex
because of the inherent intricacies of ecological systems and their
interactions with the physical system, and because those processes
depend on the influences of history and scale. Furthermore, ecological
systems encompass a vast array of temporal variability, with response
times varying in different parts of a single, interacting system. ln v
addition, multiple stresses inevitably affect virtually all biotic rys- ¥
tems. As simple examples, Great Lakes fisheries are simultaneously
influenced by the multiple impacts of eutrophication, toxic pollution,
and the introduction and removal of species (Evans et al., 1988). For-
est dieback occurs under changing conditions of acid precipitation,
heavy metals, ozone, drought, com plex forest demographics, and as-
sociated nutrient cycles (Klein and Perkins, 1987). The marine bictic
community is also complex and highly variable, frequently demon-
strating situations where the effects are removed in ‘ime and space
from the events that caused them (Rothschild, 1986, 1988). These
examples caution against efforts to predict biotic responses, for ex-
ample, by simply correlating biological phenomena with the spatial
distribution of climate or by using single-factor ccusation theories.
Only limited success would be likely with these techniques because
biotic responses are often nonlinear and involve feedbacks at many
temporal and spatial scales (National Research Council, 1986b).

Because of these particular characteristics of ecological systems,
studies undertaken in the IGRP must include experimental ap-
proaches that address multiple stresses at several levels of organiza-
tion, including whole ecosystems. The following discussion describes
the challenge of extrapolatirg local observations and experiments to
larger scales, in order to connect the biotic and abiotic components
and to understand feedbacks to the global system.
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WHAT VARIABLES DRIVE CEFANGES
IN BIOLOGICAL SYSTEM:?

Changes in Climate

A 'oubling of the con-entrations of radiative gases in the atmo-
sphere is expected to lead to a rise in global temperatures of 3°C £
1.5°C (Jaeger, 1988). Global temperotures will change rapidly, the
rate of increase ranging between 0.1°C and 0.8°C per decade (see
Figure 2 of the companion paper on “Climatic and Hydrologic Sys-
tems”). The spatial and temporal patterns of temperature increases
will be heterogeneous and are expected to be greatest in the nor.nern
mid-contiuent region cf North America and Eurasia (R.E. Dickinson,
personal communication). Although general circulation models do
not agree on the magnitude of change, all models predict a change in
precipitation in the mid-continent. An important observation is that
not only will the predicted temperatures be higher than any expe-
rienced during the last several million years but the rates of change
are more than an order of magnitude faster than any recorded in
Quaternary history (M. Davis, personal communication, University
of Minnesota). Ecological systems would therefore be required to
respond to quite different temperature conditions from thos of the
past millions of years, which raises questions about their potential
adaptive response.

The enormous significance of the rate of teinperature change can
be appreciated when spatia' displacement is considered. A temper-
zture rise of 5°C, for example, would imply northward displacement
of isotherms in North America by 500 km. This change could occur
within 100 years (Jaeger, 1988). Range extensions or movement of
forest trees during the Holocene, recorded by fossil pollen, was only
25 to 40 km per century (Davis, 1981; Huniley and Birks, 1983), with
the fastest range adjustmen. by spru.e into northwestern Canada at
200 km per century (Ritchie and MacDonald, 1986). Given these
rates of plant dispersal, vegetaticn would nu. be able to change its
geographical distribution as fast as the changes in suitable habitat.
As a result, there would be lags decades in length in the adjustment
of ecological systems to rapidly changing climatic conditions. These
lags in the match between climate and vegetation will become appar-
ent in the mid-continent long before doubling of carben dioxide has
occurred. This phenomenon is ~escribed in Figure 1, which shows
an example of how the geographical distribution of suitable climate
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FIGURE 1 Present and future range for a commoii forest tree, eastern hemlock
(Tsuga cancdensis;, n-der climate scenarios pradicted by (a) Hansen et al. (1983)
ana (b) Manabe and ‘Wetherald (1987). Horizoatal shading is the present range,
and vertical shading the potential range with CC2 doubling. Cross-hatched area of

and the actual geographical distribution of a tree species may fail to
coincide 100 vears from now (Zabinski and Davis, unpublished data).

Ecophysiolegical responsas to stress and the ability of plants and
animals to reproriuce and establish themselves ultimately determine
the gecgraphical ram e limits of individual species. Frequently, for
example, in Figure 1, critical threshold values are now deduced from
ciimatic correlatious with geographical distributions, but more quan-
titntive experimental data on responses are needed, as well as addi-
tional emnpirical observations, e.g.. fiom dend.ochronolegy (Garfinkel
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overlap is where the trees are likely to be found 100 years from now. Relict colonies
~ight persist to the south in pockets of favorable environment. Significant advance
to the north is unlikely, as rates in the past were about 25 km/100 yr, and the most
rapid rate known from the fossil record (for spruce) is only 200 km/100 yr. As a
consequence, much of the potential range will remain unoccupied.

and Brubaker, 1980). Direct physiological observations are needed
for plants and animals near their range limits.

In additior to the ecophysiological processes of the organisms,
reproduction dyramics will affect rates of in situ population change
and the rate ¢ population diffusion to new geographic locations
(Brubaker, 1986). Migration and the ability to colonize ncw hahitats
will affect the abil..y of species populations to track climatic change.
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Existing data on exotic species may prove particularly useful in pre-
dicting species’ responses to environmental change. For example,
the population dynamics of successful invaders (Harper, 1977) may
provide information needed to predict which species will spread and
expand in response to changed future environments. Such an anal-
ysis would define the genetic characteristics of a species that allow
it to expand or that contribute to its extinction in response to en-
vironmental change. It would also provide data to indicate how the
genetic structure of future popuiations would be affected. Responses
to past catastrophes, such as major extinctions of organisms, and
documentation of which species survived and which became extinct,
will be valuable to these studies. Also, evaluation of the habitats
susceptible to biological invasions will permit u complementary ap-
proach for identifying likely spatial responses of biotic components
to changing global climate.

Quaternary paleorecords document rates of range expansion and
also show that species do not necessarily move as a group but have
responded to change individualistically (Davis, 1981). As a result,
ecosystems that are of limited spatial extent today may have been
much more expansive in the past. An example is the oak savanna,
which today forms the narrow ecotone between prairie and forest
in North America, but which covered an area hundreds of kilome-
ters wide during the mid-Holocene (McAndrews, 1967). Species that
are rare or geographically localized today, such as bristiecone pine
(Pinus aristata), were abundant in the past, while ponderosa pine
(P. ponderosaj, the dominant tree over large regions of the Rocky
Mountains today, was very rare during the last glacial period (Spauld-
ing et al., 1983). Spruce (Picea), which now characterizes the vast
boreal biome, was sparse thronghout North America in the early
Holocene (Webb, in press). These examples show that one cannot
assume that existing biomes will remain intact under future changes
of global climate. The fossil record shows clearly that communities
may be disassembled and species reassembled in new combinations
in response to new climatic conditions (Davis, 1981; Graham, 1986).
The resulting new combinations of vegetation, climate, and soils can
result in altered spitial patterns of such fundamental processes as
net primary production (Pastor and Post, 1988). More subtle, but
still important, processes such as evolved host-pathogen relationships
may also be disrupted by the stress of new conditiors, resulting in
increased frequency of epidemics (Leonard and Fry, 1986).

Global change will have a major impact on biological diversity.
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Although absolute. and even relative, rates of species extinction and
formation are not known precisely, changes in species and species
number have presumably been a continuing process. There are now,
however, conditions that have not been present over the past thou-
sands of years. Human activity now adds substantially to changes in
habitat on a global basis and, as a consequence, increases the loss of
species (Lovejoy, 1980). This factor will be exacerbated by future cli-
matic cLanges, which will alter the scale and patchiness of landscape
units (e.g., forested versus unforested areas), both through direct
effects and indirectly by changing patterns of land use by the hu-
man population. To analyze the combined impact of these changes,
information is needed on (1) how landscape pattern affects species
survival and extinction, (2) the effect of patchiness on dispersal to
new habitats, (3) the effect of species interactions on survival and
extinction, and (4) direct effects of human activities on abundance
and distribution of organisms. Certainly, fragmentation will result
in fewer pathways for species migration toward favorable habitats.
In this regard, small ecological reserves may be especially vulnera-
ble to the effects of climate change (Peters and Darling, 1985). A
likely result will be the extinction of species that such reserves were
established to preserve.

A fundamental question in the context of global change is whether
changes in species composition and diversity will significantly af-
fect ecosystem function. There are examples where ecosystem func-
tion appears to be relatively independent of species composition
(Schindler, 1988). There are also examples where changes in species
have had remarkable alterations in ecosystem processes, for exam-
ple, the alterations produced by key predators such as the starfish
Pisaster in the rocky intertidal (Paine, 1966) or the wolf on Isle
Royale (Mech, 1966). A single nitrogen-fixing species can have a
large effect on succession (Crocker and Major, 1955; Vitousek et al,,
1987). Thus, quite aside from the question of biodiversity per se,
the question of species replacement in ecosystem function must be
addressed in a much wider array of ecosystem types.

Biological and atmospheric properties are coupled through sev-
eral fundamental cycles, particularly the carbon and hydrological
cycles. Predicting feedbacks to the climate system involves pre-
dicting how communities and key species in those communities will
respond to changed climate. A major question is whether responses
can e generalized from existing €cosysiems. Becan-e climate change
will be large, species turnover will often occur, changing ecosystem
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properties in many (although not all) cases. Thus
species composition on ecosystem properties become

Climate change will also have direct effects o
cesses and gas exchange with the atmosphere.
linking environmental factors (temperature, light,
plant carbon fixation and allocation above and b
photosynthetic versus nongphotosynthetic tissue
ing (Bazzaz et al., 1987). Effects of climate vari
soils can be determined using field and laborator

ever, complex inieractions of soils, plants, and cl

imate occur. Recent
simulation of climate change in semiarid grasslands revealed a strong,
transient (ca. 50 to 100 years)

) increase in net primary production,
despite drier conditions in the model (D. Schimel, personal commu-
nication). This was because higher temperatures led to higher rates
of microbial mineralization of soil nutrients. The increase in nu-
trient availability in the simulations compensated for the reduction
in moisture until soil reserves of nutrients were depleted, at which
time production erashed. The intensity and timing of the transient
varied regionally, depending upon levels of primary production and
initial soil organic matter. Similar interactions are simulated for
forests (Pastor and Post, 1988). For global applications, results from
stuch studies must be generalized from the systems in which detailed
studies are available. This research indicates that measurements of
variables that control ecos

ystem response to change must be made
over large areas for input to global models.

For aggregation of biological data from regional to global scales,
remote sensing of vegetation structure and composition, land form
characteristics, and certain biophysical characteristjcs will be neces-
sary. Because of the potential for repeated coverage of the globe,
satellite observations should provide useful data at many scales. Re-
mote sensing provides information on states of

che influence of
s a critical issue,
ecosystem pro-
General principles
nutrients) to whole
elow ground and to
are just now emerg-
ables on plants and
y approaches. How-

flux. For these measurements, new technolo
Airborne and ground-hased laser-based systems, such as LIDAR
(light detection and ranging) technology, tunable diode lasers, and
Fourier-transformed infrared spectrometry, allow measurement of at-
mospheric gas concentrations at varying scales (Harriss et ai., 1988;
Matson and Harriss, in press). Change: i

coupled with aerodynamic physical fiux measurements to esiimate
exchange of gases (such as CO,, CH,, N30, and NO) between ter-
restrial ecosystems and the atmosphere. These approaches are just

gY is becoming available.
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beginning to be applied generally to ecological questions, but initial
tests have proven very encouraging (Gosz et al., 1988).

In the marine environment, the record of the past leaves little
doubt that global warming will result in different distributions of
planktonic organisms than those of today (CLIMAP Project, 1976).
If in the simplest case the ocean warming were to be positively corre-
lated with latitude, one would expect that the expansion of habitat in
a poleward direction, which has occurred during the Holocene, would
continue. But when one recognizes that the mean global warming
projected for the next several decades js comparable to that experi-
enced in the last 20,000 years, questions immediately arise regarding
the potential of the biota to accommodate to these rates of change.
Also, our knowledge of plankton distributions in the past is based
on data for the few taxa, suca as the foraminifera, that have easily
preserved hard parts. Because the ecological role of these protozoans
is not well known, it is difficult to predict the degree to which changes
in their species composition ndicates a change in the plankton com-
munity in general.

Increased warming and precipitation will decrease the density of
surface waters, especially at high latitudes. If the warming and fresh-
ening of the surface water outpace the processes of convection and
isopycnal mixing, vertical diffusion between the surface and the main
therinocline could be much slower. This isolation of the main ther-
macline could severely impede the vertical transport of remineralized
nutrients, severely diminishing the huge spring bloom characteristic
of the North Atlantic. At high arctic latitudes, the reverse could oc-
cur. At present, very strong stratification is maintained because the
freezing, high-salinity waters produced on the continental shelves
during pack ice formation are incorporated into the thermo:line.
Thus the warm inflowing “Atlantic water” cannot upwell and is com-
pletely isolated from the surface layer. Warming and freshening will
diminish ice formation and could lead to an ice-free Arctic. Ventila-
tion of the main thermocline of the Atlantic from the arctic via the
Greenland-Scotland overflows could occur, with the result of much
higher rates of primary production and nutrient cycling.

The regional effects of global warming on the plankton habi-
tat in near-surface waterc are unpredictable at present. Strength of
wind fields and their orientation will vary. Along-shore winds con-
tribute to the upwelling process in many coastal waters and across the
equatorial Pacific. The direction, intensity, duration, and frequency
of these wind events determine the exient and timing of upwelling
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events. Because this process, which is typically highly seasonal, is
very important in stimulating the primary production processes that
lie at the base of the 100d webs for many commercially exploited
species, it can be anticipated that global climate change will have
significant economic consequences, esperially for the fish-harvesting
nations.

Changes in the intensity and frequency of stratification and de-
stratification processes will have differential effects on plankton, de-
pending on their physiology and anatomy. Diatoms, for example, are
phytoplankton that typically dominate in cold nutrient-rich waters,
such as those that have recently upwelled. Because of their high sink-
ing rates, diatoms are also major contributors to the flux of carbon to
the deep ocean (Smayda, 1970). A turbulent mixed layer also seems
to be a requirement for diatom success. Diatoms are the preferred
food of many organisms in the food webs of commercially exploited
fishes, and when replaced by other types of phytoplankton—the dj-
noflagellates, for example, in the case of the Pery Current—the yield
of the fish of greates. economic interest is reduced dramatically (Bar-
ber and Chavez, 1983).

There is so..e evidence that at least some economically impor-
tant seaweeds may be quite sensitive to increases in water temper
ature. During the 1982-1983 EJ Nifio event ip Chile, the northern
populations of the alga Durvilleq disappeared and have not yet re-
colonized (Tomicic, 1985). The kelp, Laminaria Japonica, is grown
extensively in the warm waters of China because one phase in the
life cycle that is particularly temperature sensitive can be cultured,
after which young sporophytes are outplanted on rafts, where they
grow to harvestable size (Tseng, 1981). Because the sporophytes
are probably near the limit of the temperatures in which they can
survive, an increase in water temperature of only a few degrees could
eliminate the entj;e industry. ‘

Populations of valuable fish and shellfish undergo fluctuations in
abunda: e of order of magnitude on time scales ranging from one

America in the present century (B. Rothschild, personal communj-
cation). or the area] expansion of triggerfish to much of the coast of
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Africa during the past decade (Gulland and Garcia, 1984). It appears
that a number of these population changes result from changes in
the distribution of temperature. A more fundamental understanding
of ecological piocesses is needed to understand the consequences of
climate change, particularly the interactions with the dynamics of
associated populations, and especially plankton.

Changes in Human Land Use

For the last century, and presumably for the next, land use has
L cen more important than climate change in forcing changes in eco-
logical systems and dynamics. In addition to examples sucl as the
effect of deforestation on biodiversity in the tropics, land use changes
affect a large number of ecological and physical ecosystem properties
that control initeractions with the aimosphere and hydrosphere. Land
use affects storage of carbon, nitrogen, and phosphorus in the soil,
as well as element storage in the biota. For example, slash-and-burn
agriculture releases nutrients from the biomass to the soil, with con-
comitant reieases of gases to the atmosphere (Mooney et al., 1987).
Mechanical disturbance of soil, by plowing, results in organic matter
loss and alterations in soil structure a: ! porosity, which in turn alter
moisture regimes, microbial processes, and emissions of trace gases
to the atmospliere. Removal of vegetative cover, as well, decreases
net primary production and net ecosystem production, and fluxes of
water to the atmosphere through evapotranspiration. Deforestation
dramatically increases sediment and dust production, runoff, and
solute concentrations, with consequences for biota in lakes, estuar-
ies, and coastal zones (Boriaann and Likens, 1979). Finally, land
conversion affects the diversity of ecosystem types both globally and
regionally and, in particular, cavses loss of species (Lovejoy, 1980).
What aspects of land use need to be characterized in order to address
potential changes in - .ological systems? The primary need is for data
in categories of cover types: natural vegetation (specified in terms of
biomass and stature), arable land, grazing land, permanently flooded
land, nonproductive land. Within the arable land category, data are
needeu on threc additional factors to characterize land use: water
use, fertilizer use, and biocide applications. For each expressed need
for land use data, it is necessary to specify the scales and resolu-
tion (time and space) and the level of accuracy needed for data to
describe land use adequately to assess its relation to the changing
global environment.
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Three additional types of land use information are needed. First,
reconstructions of past land use change are needed for use in con-
junction with reconstructions of ecological systems. The overriding
need with respect to global change is for data on a regional scale,
extending back to about 1850 to cover the period of intensive human
transformation of the earth’s surface. Longer reconstructions on a
regional and even on a continental scale are possible using the pollen
record (Darby, 1956). The timing of large-scale changes, such as
the deforestation of Europe and the develcpment of agriculture in
China and other regions, shonld be compared with ice core records
of changes in atmospheric composition. Second, land use data will
need to become a routine component of contemporary monitoring
efforts. Remote sensing can be utilized to provide a record of rates of
change, especially in the tropics, where deforestation is proceeding
rapidly. Third, future scenarios of land use change are needed to
predict changes in biotic systems and interactions within the global
system. This predictive process will require the combined initiative of
biologists, demographers, development economists, and agricultural
experts.

Changes in Carbon Dioxide

The primary effects of increased carbon dioxide concentration
are increased photosynthetic rates and decreased stomatal conduc-
tance, which reduces water loss and causes changes in plant phe-
nology (Carlson and Bazzaz, 1980). Most studies with agricultural
crops and species from natural communities indicate that produc-
tivity and yield increase with elevated CO, levels (Strain and Cure,
1985). Plants with the C3 metabolic pathway generally show more
enhancement of photosynthesis and growth in response to elevated
CO, than plants with the Ca pathway. This response has a clearly
understood physiological basis. There are also differences in response
to elevated CO, among species and among genotypes within species,
but the bases for these differences have not been fully inves:igated
(Bazzaz et al., 1985). Studies of whole communities, however, do not
always show enhanced productivity, A community of short-statured
annuals showed no response (Williams et al., 1988), and short-term
measurements of some deciduous tree species showed only a small
enhancement in growth (Williams et al., 1986). The response to
elevated CO, productivity of natural vegetation is therefore still




81

somewhat unpredictable, but nevertheless essential for understand-
ing the relationships between primary production and changes in the
global environment.

High CO, concentrations may change the pattern of carbon
allocation to plant parts and activities, but the available data are
inadequate for describing general patterns (Bazzaz et al., 1985).
There may also be shifts in the kinds of chemical defenses in plant
tissues and changes in rates of plant tissue consumption by herbivores
(Lincoln et al., 1984), Decomposition rates and nutrient cycling may
change in response to altered plant C/N and lignin/N ratios, as well
as changes in starch content, leading to feedback via decomposition
restricting the positive effects of CO, enhancement (Melillo et al.,
1982).

Experimental studies in which whole plant communities have
been subjected to elevated CO, show that competit've hierarchies
change. The resulting community structure is influenced by other
environmental factors such as moisture, light, nutrients, and temper-
ature (Bazzaz et al., 1985). It is i~is.ortant to note that the response

; at the community level may not be directly predictable from the re-
sponse of individual species to elevated CO, or to other environmen-
tal factors because of changes in species composition and interactions
with heterotrophic organisms. Our knowledge of past responses of
natural systems to changed CO, concentrations is also limited; the
fossil record should be inspected for changes at the end of the last
glacial period that can be related to changing CO; concentration in
the atmosphere.

The response to enhanced CO, concentrations at the level of
¢ osystems has been the subject of only a few experiments (Drake
and Read, 1981; Oechel and Strain, 1985; Tissue and Oechel, 1987)
and is laigely unknown., Of concern, particularly with respect to
the global carbon cycle, are the rates of CO; storage and release
of various ecos;stems as affected by increased CO, concentrations
(Rillings, 1987), and the relationship of these variables to nutrient
circulation. Feedback to the hydrologic cycle inay be influenced by
changed water usc efficiency.

Other Changes in Atmospheric Chemistry and Pollution

Other changes in atmospheric chemistry have potentially large,
landscape-leve! effects on ccological systems, primarily through ef-
fects on ecosystem components, especially those with slow turnover
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rates such as soil organic matter and long-lived organisms such as
trees and fish. The regional scale of pollution and the transport
of pollutants across political boundaries make these issues of global
concern. Synergistic effects of various pollutants are well known from
simple laboratory experiments (Mansfield et al., 1987), and these ef-
fects will certainly be found in the study of ecosystems. Ecosystem
changes attributed to ac.d deposition alone, for example, may be the
result of interacting factors. Ferest decline may result from acid depo-
sition, associated pollutants, ozone, disease/pest outbreaks, changing
forestry practices, and /or interactions among any or all of these fac-
tors (Hutchinson and Meema, 1987). In lakes, changes inducible by
acid rain (Harvey, 1982) are also inducible by certain metal pollu-
tants (National Research Council, 1972) and fishery management
practices. Experiments are needed to determine physiological toler-
ances to multiple stresses. Tolerances to differert stress factors are
not linked and therefore are inherit~d independently; hence it seems
unlikely that organisms will spontaneously evolve tolerances to mul-
tiple simultaneou- or sequei.tial stresses, Furthermore, purposeful
breeding for stress-tolerart organisms will also be difficult.
Knouwledge of which pollutants will increase in the futu-e, and
by how much, is needed to define the areas requiring attention in
the IGBP. This information will be derived from expected rates of
industrial and technological development. It is clear, however, that a
focus on suites of associated pollutants and multifactorjal responses
at individual, popula‘ion, and ecosystem levels is needed to unravel
complex causes of damage to ecosystems. Because such experiments
cannot be performed for each potentially important factor or inter-
action, the proper approach will be to carefully integrate laboratory
and field experimeats with simulation models, and with small-scale
studies aimed at particular organisms or interactions. Innovative in-
dices of responses to pollutants are needed for both survey work and
retrospective studies. These results will be best derived frorn whole-
ecosystem experiments. The effects of pollutants on heterotrophs,
pathogens, or symbionts such as nitrogen-fixing bacteria must be
examined in addition to the effects on plants.

The effect of pollntants on marine ecosystems is difficult to siudy,
because svitable control sites are hard to identfy, making the sep-
aration of even major pollutant effects from “natural” variability
problematic. Another problem is that impacts can nccur via indirect
pathways. For example, an ol spill in the Baltic Sea caused a signifi-
cant decrease in hatching of herring eggs. However, the result was not
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vecause of a direct toxic effect on the eggs themselves; rather, the oil

ecreased populations of gammarid amphipeds, causing decreased
amphipod grazing on fungi and consequently increased fungal in-
fection of eggs (Nellbring et al., 1980). Controlled ecosystem-scale
experiments allow a holistic assessment of the responses of ecosys-
tems to known exposure to pollutants, and are necessary to detect
these indirect pathways.

Changes in Ultraviolet Radiation

Changes in atmospheric constituents, especially stratospheric
ozone, will affect the intensity of ultraviolet radiation reaching the
terrestrial and marine portion of the biosphere. Previous investi-
gations in arctic/alpine regions indicate that changes in ultraviolet
irradiance will cause changes both in productivity and in distribu-
tions of specific vegetation types. More subtle effects on ecosystem
processes like decomposition are less completely understood and yet
have great importance in biosphere-atmosphere interactions.

The IGBP needs, first, to test the responses of characteristic
vegetation types to a range of potential ultraviolet levels, focusing
specifically on more subtle responses such as rates of decomposition of
organic matter, susceptibility to plant diseases, species interactions,
and geretic change. Intensified ultraviolet radiation will increase
mutation rates, but it is not clear what effect this will have on
population structure and viability. Theory is yet to be developed that
will generate testable hypotheses regarding the effects of fluctuating
mutation rates on susceptible species. Second, ihe IGBP needs to
conduct experiments and davelop models to predict the productivity
and distrib1tion changes of terrestrial and marine biota in response
to increased ultrzviolet radiation. Methodologies for extrapolation
from experiments and measured sites to global scales requite more
development,.

Sea Level Change

The effects of the cxpected rate of sea level rise in the next
century, nearly 1 cm/yr, may be somewhat analogous to the effects '
of sea level rise that occurred at the end of the last ice age, 80 m over
an interval of 14,000 years (Bloom, 1988). Although it is clear that
major dislocations in estuarine, marst, and nearshore ecosystems
accurred during deglaciation, our knowledge of ecological response is
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inadequate to allow firm predictions. Available information suggests,
however, that the predicted rates of sea level rise are near the upper
bound of possible rates of intertidal marsh growth (Boamann et al.,
1984). Consequently, sea level rise in the next century is likely to
drown many if not all salt marsh systems except in areas where the
land is rising and reducing the rate of relative rea level change.

Tidal marshes are important habitats because they are highly
preductive. They buffer nutrient availability in neighboring estuar-
ies and provide critical habitat for migrating birds. Drowning of salt
marshes will change the hydrology of estuarine systems. Rearrange-
ment of channels can erode previously deposited sediments, exposing
buried pol'utants such as dioxin and mercury. A rise of water level in
estuaries will have repercussions on fish habitat far upstream, which
may be difficult to predict, because the distance a saltwater wedge
will move upstream depends not only on sea level, but also on dis-
charge rates in the river, which will be affected by climate. Increased
precipitation could change discharge and result in increased erosion
and sediment transport. Coupled with rising sea level, the result
would be an increase in siltation of river channels leading to greater
flood potential, and higher turbidity in estuarine zones, especially
when higher sea level causes rapid coastal erosion.

Higher precipitation would also cause a rise in the water table
and its propagation shoreward. This will be countered by the sea
level increase. Thus it seems likely that the fresh and salt transition
zone will move, although the direction is not predictable. Because
this front is of great ecological significance, it will be necessary to
exainine the probable magnitude or the effect using numerical models
of coastal zone aquifers.

A question of vital interest, especially for low-lying islands, is
whether coral reefs can grcw at rates comparable to the projected
sea level rise, particularly when the effect is combined with increased
water temperature (Mathews, 1984).

Rocky shores in temperate latitudes support very productive in-
tertidal and subtidal communities, which in turn support the detrital-
based food webs of nearshore fish and shell*sh communities, as well
as adjacent sandy beach fisheries. In some countries, seaweeds and
invertehrates are also used dircetly «ad extensively by humans (San-
telices et al., 1984; Tseng, 1981, 1984).

in the intertidal, as in many other ecological situations, the vari-
ance of the physical parameters, especially air temperature, is more
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important than the mean. Quite often it is the catastrophic event—
the coincidence of daytime low tides with unusually hot weather, for
example—that determines the distribution pattorus of longer-lived
sessile organisms (Glynn, 1968; Hughes et al., 1987; Lessios et al..
1984; Loya, 1976a; Wethey, 1985). Therefore the IGBP research
program must include an exper‘mental design that recognizes and
accommodates these episodic ey nts,

WHAT PROCESSES REQUIRE FURTHER
"'NCERSTANDING IN ORDER TO MODEL
BIOTIC RESPONSES TO GLOBAL CHANGE?

A long-term goal for the IGBP is to develop imeractive mod-
els coupling the exchange of matter, sy % 15 CO., water, and trace
gases, as well as exchange of erergy and momentum, between acosys.-
tems and the atmosphere, Currently, ecosystem and atmospheric
models are for the most part separate, with ecosystem models us-
ing externally specified climatic drivers, and climate models treating
ecosystems as static boundary conditions.

Modeling ecosystem response can take cae of two forms, a
process-functicnal approach or a g(‘pulation-community approach.
Process-functional models simulate fixation, allozation, and decom-
position of carbon, cycles of ritrogen, phosphorus, sulfur, and otlier
elements that exchange across system boundaries. Population-com-
mi uity models represent birth, growth, death, and movement of
organisms or groups of organisms, and can simulate changes in abun-
danc. < of species within and between ecosystems (e.g., Botkin ot al.,
1972). The selection of one of taese approaches over the other de-
pends on the question being asked. Many research t~ams have chosen
the process-functional approach because of the :mportance of biogeo-
chemical cycles in short-term (1 to 100 years) ecosystem response to
global environmental change. This s in part because rates of element
cycling may change more rapidly “han species composition (days to
years versus years o centuries). However, as populations and com-
munitics change, so do controls over hiogeocher ical cycling such as
plant iissue element ratios and detrital organ;c hemistry (Pastor and
Post, 1986). In a reciprocal fashion a change in nutrients axd other
resources is a driver of Fopulation and community processes. Thus
general models linking biogeochemical cycles to population and com.-
munity processes will be required to model ecosystem consequences
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of global change (Pastor and Post, 1988). Several models have suc-
cessfully blended the two approaches by tracking changes in those
properties of individual organisms or cohorts that are important at
the ecosystem level, such as carbon or nitrogen content and decay
rates of annual cohorts of litter (Figure 2).

Paleoecological data provide a key to unraveling the rates of
transition between vegetation types resulting from climatic change
(Jacobson et al., 1987). Current models must address the issue
of how much climate-induced process-level change (photosynthesis,
decomposition, nutrient cycling) occurs within ecosystems before
community turnover and biome-type change occur, and, conversely,
to what extent species changes drive process-level changes in these
systems. Records from the past may elucidate the time frame and
the driving functions for these changes (e.g., Chen, 1986; Grimm,
1984).

The paleorecord provides data sets, especially isotopic records,
that should be used more extensively in global change research to
test process-functional model predictions. The testing of long-term
ecological/process models is a challenging area thai involves inferen-
tial tests from a wide and rich mixture of paleoecological, historical,
and experimental data.

Questions of scale must be resolved to link ecosystem models to
models of atmospheric change. Physiological models simulate varia-
tions in carbon dioxide exchange or transpiration on time scai - of
minutes to months, but typically have low resolution of spatiu . if-
ferences. Atmospheric models require scales of minutes to days, but
with much broader spatial representation. Models linking ecosys-
tem and atmospheric change must simulate spatial variations across
large areas (regional to global), but have fine temporal resolution for
exchange processes. New model structures will be required for this
linkage.

A number of ecological research teams are developing “generic
ecosystem models” to investigate and contrast the likely responses
of different terrestrial ecosystems to changes in the global environ-
ment over the next century. These models incorporate the important
components, processes, and linkages present in all terrestrial ecosys-
tems so that the intercomparisons can be made from a common
perspective with the same units. Unfortunately, they are limited
to present-day ecosystems and are therefore of limited usefulness
for predicting responses to future global change. Linkage of generic
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FIGURE 2 Predictions of biomass and species composition of Minnesota forests
under climatic conditions predicted with CO3 doubling. The predictions are based
on a population-based model that simulates forest growth, combined with a process-
functional model that simulates soil moisture and nutrient cycling. Climatic inputs
were the same for the two runs, but (a) simulates forest growth on fine-textured soils,
and (b) simulates growth on coarse-textured soils. Note that biomass increases under
greenhouse climate in (a), but falls to low levels in (b). Redrawn with permission
from Pastor and Post (1988).
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models to population-community models will be critical for long-
term future predictions, or for regions where rapid rates of change
occur. The resulting models should permit simulation of biospheric
processes ccupled to atmospheric and biogeochemical dynamics.

WHAT ARE THE TEMPORAL AND SPATIAL DYNAMICS
IN RESPONSE OF ECOLOGICAL SYSTEMS
TO GLOBAL CHANGE?

Time lags in the ecological response to global change result not
only from differences in longevity or life cycles among organisms,
but also from nonlinear processes. For example, low availability of
nitrogen, the most frequently limiting nutrient in terrestrial ecosys-
tems (Pastor et al., 1984), may prevent ecosystems from changing in
response to changing climate until after temperature thresholds are
exceeded for dominant species. As previously dominant species are
replaced by others, consequent changes in carbon and nitrogen cycles
can happen rapidly, amplifying ecosystem response as illustrated in
Figure 2 (Pastor and Post, 1988).

Time lags pose a challenge for the identification of cause-effect
relationships, because due to delayed feedbacks, effects can be sep-
arated in time from causal events. Threshold effects from a slowly
increasing variable (gradually increasing levels of ultraviolet radia-
tion, for example) may prove difficult to distinguish from delayed
responses to a single causal event. Experiments and models are
needed to describe the time course of the complex series of responses
that can occur in intact ecosystems. Paleorecords will be useful, es-
pecially where time lags are on the order of centuries. For example,
pollen and paleolimnological records indicate rapid soil destruction
in northwestern England at the time of the Younger Dryas cooling
10,800 years ago, but slower soil buildug following the rapid warming
at the end of this event (Pennington, 1986,

Species differ in response times to environmental change, and
different environmenial variables lead to different lags among various
species (Davis, 1984). Cumulative sm=il changes (gradually decreas-
ing rainfall) will have a different effect from changes in the frequency
of discontinuous events (e.g., droughts). Indirect effects, such as
enhanced growth due to demise of competing species, or due to in-
creased nutrient supply resulting from changed microbial communi-
ties, complicate predictions of lag times. In general, rapid responses,
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within a year, are seen in biotic factors such as microbial commu-
nities, plankton density, reproductive success of plants and animals,
transpiration, photosynthesis and respiration rates, pathogen out-
breaks, animal behavior, and densities of annual plants and short-
lived animals. In the open ocean, biotic responses to climate are
influenced by ocean currents and mixing, which track the seasonal
cyzle with a lag of only a few weeks. A lag time of several years or
decades can be corrected in other processes, such as annual plant
community structure, changed plankton density or net primary pro-
duction caused by changes in consumers (e.g., insect epidemics and
consumption of plankton by fish), and density and community struc-
ture of perennial herbs, shrubs, trees, and some animals. Moreover,
changes in the genetic .tructure of populations depend on gereration
time. Whether redundancy within an ecosystem can delay responses
of the system to environmental changes requires investigation, as this
m=y be an important and perhaps unexpected influence of biodiver-
sity on ecosystem processes.

HOW WILL TRANSFERS AOF MATERIALS ACROSS
ECOSYSTEM BOUNDARIES BE AFFECTED
BY GLOBAL CHANGE?

The impact of climate change on the frequency of drought and
other hydrologic events affects not only ecosystem-level processes
but also related landform configuration such as the formatior of
deltas and changes in stream channels. Soil moisture influences veg-
etation physiognomy, which in turn influences albedo and surface
roughness (Dickinson, 1986). Sediment loadings, types of particulate
and soluble inputs, and flow rates can affect downstream terrestrial
ecosystems and turnover rates, flow, and current dynamics in wa-
ter bodies. Hydrologic dynamics dictate flooding, and thus affect
wetlands formation, and gas emissions and nutrient exchanges under
aerobic and anaerobic conditions.

Aeolian transport carries fertilizer and dust to adjacent or more
distant systems. There is evidence that arid lands “feed” each other;
i.e., they transfer materials in part because of similar biotic compo-
nents and because of wind-driven particulate pathways. Long-range
transport is important for global change, especially because this path-
way may be crucial for quantifying the cycles of phosphorus and trace
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elements. Stable isotope ratios provide a promising method fc -~ de-
tecting origins of wind-borne particulates. Appropriate atmospheric
models are now needed to simulate aeolian pathways.

In a related set of ecological processes, changes in climatic pat-
terns will affect the distribution and/or intensity of fi~e, which is a
major source of release of elements from terrestrial systems to the
atmosphere. Thus models will need to incorporate these fire-driven
processes into the description of aeolian transfers, especially as these
transfers are related to changes in climate and land use.

Transfers across the biosphere-atmosphere interface will also be
affected by global change. For example, changes that lead to al-
teration of wetting-drying cycles in seasonal wetlands, forest soils,
and agricultural soils can alter the production and transport of bio-
genic gases (Harriss and Sebacher, 1982), significantly influencing
atmospheric composition and global biogeochemical cycles. More-
over, shifts between reducing and oxidizing environments can lead
to changes in the relative quantities of trace gases such as CH,,
CO2, N,0, and NO released from the systems (Mooney et al., 1987).
Likewise, major changes in the moisture characteristics of ecosys-
tems change decomposition environments, e.g., from decomposition
in anaerobic environments with subsequent release of CH, to het-
erotrophic decomposition in aerobic environments, releasing CO,.
This example of a change in the decomposition pathway could be
particularly important in northern bogs and tundra and could have
significant impacts on atmospheric composition.

Global distribution of fluxes and their iuteractions should be
studied using a combination of chamber estimates, aircraft in situ
and remote sensing (e.g., LIDAR) measurements of gases, and eddy
correlation techniques for estimating flux. These data should be
collected and analyzed across gradients of moisiure, temperature,
or fertility, and used to develop and test models that describe the
interacting nutrient cycles and fluxes. Data sets collected at multiple
scales will facilitate development of models representing large areas.

In the marine environment, climate change and an increase in
wind erosion are likely to increase the delivery of fine particles by
aeolian transport from the continents to the surface waters of the
ocean, where productivity could be affected (Martin and Fitzwater,
1987). Depending on their composition, such particles could have
either biostirulatory or biotoxic effe~ts on oceanic productivity and
other marine processes. Another concern in the transport from land
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to oceanic surfaces is the increase in nitrate, heavy metals, and aro-
matic hydrocarbons in precipitation as atmospheric pollutant loads
increase from industrial sources.

Oceanic waters are currently a major source of dimethylsulfide
(DMS) to the atmosphere. The oxidized products of this DMS add to
acidic rain over continents downwind of oceanic sources, may increase
cloudiness through nucleation on SO4~~ aerosols in the troposphere
(Charlson et al., 1987), and may increase albedo in the stratosphere
from SO4~~ aerosols (Ryaboshapko, 1983). Coccolithophorids are
apparently a major source of DMS, ard plankton processes clearly
respond to mesoscale events and physical processes of a changing
environment. Blooms and bloom conditions for these organisms can
be observed through remote sensing of ocean color, sea surface tem-
perature, and wind stress to document natural cycles of change in
physical forcing and its biological response. The coccolithophorids
are a special case, because in addition to chlorophyll the white light
reflected by the calcite coccolith plates provides a unique signal that
can be observed by satellite sensors (Holligan et al., 1983). Thus
the potential exists to better understand the physical, chemical, and
biological conditions associated with the onset and collapse of coc-
colithophorid blooms, and to make regional estimates of the ocean
biogenic source for DMS.

Long time-series observations in oceanic regions are needed to
document natural variability in physical forcing functions that con-
tribute to seasonal and interannual variability in rates of primary
production and the flow of this material through the marine food
web. This information is necessary to formulate and refine hypothe-
ses about how changes in the physical climate will affect plankton
community composition and dynamics, and how these changes will
feed back to climate via the residence time of photosynthetically
fixed carbon in the sea. Two extremes with regard to carbon storage
times can be envisioned. One might be the transfer of carbon from
very small phytoplankton to protozoans and bacteria with a large
fraction of the phytoplankton carbon respired to CO, in a relatively
short period of hours to days. Another would be the direct and
rapid sinking of large phytoplankton cells, such as diatoms, to the
deep ocean, with subsequent storage times for carbon on the order
of decades and longer.

Coastal wetlands (salt marshes, mangrove swamps) are sources
of several atmospheric sulfur gases (DMS, H,S, COS, CS;). As sea
level rises, the ability of wetland plants to oxidize their rhizospheres
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could decrease owing to longer periods of inundation, increasing the
flux of sulfur gases to the atmosphere. This hypothesis could be
tested by examining the consequences of increased tidal flooding on
wetlands currently experiencing subsidence, such a: those in coastal
Louisiana.

Freshwater wetlands, both natural (peat bogs, marshes, swamps)
and managed (rice paddies), are major sources of atmospheric CH,
(Harriss et al., 1985). CH, flux is the result of two competing
processes—CH,4 formation and CH4 oxidation. Of the two, CH,4
oxidation is much more temnerature sensitive, increasing rapidly as
temperature rises. Consequently, CH4 fluxes are greater when the
temperature is lower. Increases in wetland areas in high latitudes
due to increased precipitation could greatly increase the atmospheric
CHq flux.

An important component of the IGBP should be the study of
estuaries and coastal regions that already experience high inputs
of nutrients and other substances from terrestrial ecosystems. The
resulting eutrophication is a growing problem of worldwide propor-
tions. Inputs of both nutrients and pollutants to estuaries and coastal
seas could change as climate affects rates of erosion and leakage of
substances from terrestrial ecosystems. Primary production in many
estuaries and coastal regions is limited by nitrogen (McCarthy, 1980),
so potential nitrate outputs from terrestrial ecosystems receiving
greater rainfall offer the possibility for significant enhancement of
productivity.

DOCUMENTING GLOBAL CHANGE
IN ECOLOGICAL SYSTEMS

Documentation of past changes in ecological systems is necessary

to demonstrate connections and cause-effect relationships within the

| global system. The record of the past, discussed in detail in the back-

: ground paper on “Earth System History and Modeling,” also pro-

vides a measure of natural variability before human-caused changes

: in the global system began. Observations needed to document future
changes are equally important, and are discussed below.

Particular types of systems should be chosen for observation and
study on the basis of their importance or their sensitivity and re-
sponsiveness. Ecosystems are important if either (1) they are large
contributors to critical global cycles or (2) they are important as
resources for human society. For example, oceanic waters should
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be observed and studied because of their potential as sinks of atmo-
spheric carbon dioxide and as sources of atmospheric DMS. Estuaries
and nearshore ecosystems should be observed and studied because of
their role as providers of fish, shellfish, habitat for wildlife, and recre-
ational opportunities. Tropical forests are important reservoirs of
biodiversity and play an important role in the global carbon budget,
boreal wetlands are important sources of methane, and temperate
grassland and forest regions are important for human food produc-
tion.

Sensitive systems are easily changed and thus can be studied as
early warning signals of global change. For instance, coral reefs in
nearshore, tropical regions are sensitive to slight rises in temperature
and relatively low levels of pollution (Hughes et al., 1987; Lessios et
al., 1984; Loya, 1974, 1976b; Roberts, 1987), and temperate grass-
lands are sensitive to small changes in precipitation (Risser, 1985).
Process and population dynamics studies are necessary to interpret
changes in indicator species, and to separate natural variations from
effects of pollution, temperature rise, or other parameters. Sensitiv-
ity has been determined primarily in reference to a particular impact,
but the challenge to the IGBP is to consider the multiple causes—
climate change, chemical loadings, direct human impacts—that can
synergistically affect ecological systems.

Many transitional areas are either important globally or ex-
tremely sensitive to global change, e.g., the tundra-taiga transition
(to climate change), the desert-grassland transition (which is un-
dergoing direct human impact as well as being sensitive to climatic
changes); and estuaries (areas of economic importance at the fo-
cal point of pollutant stress). Other examples are systems that have
rapid turnover of nutrients, that have individuals or populations that
may be characterized as sensitive to change, or that may provide an
index of the effects of chang~ Indices to measure and monitor in
these systems include product. .ity, distribution and growth rate of
species with economic importance, changes in species that play an
important role in the community or ecosystem, and in other key in-
dicator species, distribution of structural types/forms of ecosystems,
carbon pools and dissolved and particulate carbon losses, nutrient
losses, and carbon:element ratios in foliage canopies.

An important criterion for choosing study systems is the po-
tential for recovery and calibration of a paleoecological record of
responses to past changes. Paleorecords of all types that indicate the
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nature of past change in response to climate, human impact, and so
on, provide valuable indices of sensitivity.

At each site chosen for long-term monitoring, responses to forcing
factors should be studied through both empirical observations and
experiments. The stations should be used to establish ground truth
for satellite observation. The following aspects at the sites should be
documented and understood:

1. Responses of individual species, especially key species that
play major functional roles within communities, and distribution
and abundance patterns of functional groups of species selected to
characterize the response of particular systems should be studied.

2. Species interactions, including responses to pathogens and
insect outbreaks should be investigated.

3. Ecosystem-level responses—especially those that feed back
to the global system, such as biogenic gases, albedo, and moisture
exchange and nutrient transfers among and between terrestrial and
aquatic systems—should be studied.

4. “Indicator” species, gradients in physical conditions and /or
biotic composition, or other parameters must be identified that can
be observed easily (e.g., by remote sensing) and that respond rapidiy,
providing early warning of changes in the condition of ecosystems.
The paleorecord may be utilized to identify aspects of the system
that are sensitive to climate.

5. Changes in response dynamics should be studied in these
particular systems to obtain better predictive capability for transient
effects.

6. Spatial dynamics and sensitivities should be understood for
the locality under study, including interactions with adjacent 5ys-
tems.

Because each system varies in its dynamics, variables to be stud-
ied will be different in each system. For example, in some systems
the variable of interest is the influence of physical factors on net
primary production, and in others, it might be sedimentation and
gas exchange, how the food web partitions primary production, or
how predators high on the food chain feed back on production. A
long-term monitoring program is essential, to be combined wherever
possible with a retrospective fossil record that reveals the trajectory
of change before the onsct of global change.

In addition to studies at individual sites, changes in the structure
and function of biotic systems must be monitored on a global scale
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to document future changes. Methods fo: monitoring terrestrial sys-
tems include calibrated multiband speciral absorptance of the earth’s
cover through time to provide infozmation on such changes as biotic
cover classes (Malila, 1980), net primary preductivity (Tucker and
Sellers, 1986), chlorophyll as an indicator of water quality in freshwa-
ter systems (Lathrop and Lillesand, 1986), and surface temperature
(Mortimer, 1988). Still in the experimental stage but potentially use-
ful for monitoring are changes in radar signal to provide information
on the three-dimensional structure of vegetation indicating its suc-
cessional status (Paris and Kwong, 1988) and changes in microwave
signal analysis to derive surface properties such as flooded areas and
soil moisture (Ormsby et al., 1985; Wang et al., 1986). Changes in
h..man land use must be carefully monitored, especially in the tiopics
(Melillo et al., 1985).

Two strategies are being adopted by the Glcbal Ocean Flux
Study to make long time-series observations in oceanic regions that
provide important steps in this direction. The first involves the use
of satellite observations for ocean color that serve as a proxy for
near-surface phytoplankton biomass. This provides an ocean-scale
view of the pattern of plankton distribution, and how this changes
in time. The second involves in situ observations at sites selected for
their regional significance (National Research Council, 1984).

This iatter approach will provide a framework of water column
observations of physical, chemical, and biological processes in ad-
dition to rate measurements of certain processes such as primary
production and the sinking flux of particulate material. The fre-
quency of sampling and duration of these studies will be determined
in the context of the processes that need to be studied at a particular
site to improve our regional understanding of the coupling of ocean
biogeochemical processes and the physical climate system.

Ongoing efforts to obtain global estimates of populations (e.g.,
large mammals, birds, and pathogens) to monitor biological reserves,
water and air quality, and resources such as crops, forests, and fish,
wili provide valuable information for the IGBP. Of particular im-
portance is increased attention to the assembly and analysis of ex-
isting data on large-scale temporal and spatial variation. Promising
existing data sources include locality-specific data associated with
museum specimens; the North American Breeding Bird Survey and
Christmas Bird Counts; tree rings; data on censuses and distributions
of the well-studied European biota; records of crop harvests taken
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from the agricultural literature; paleoecological data; and written
historical records.

A close coupling of process studies with the long-term observa-
tions will be required. The proper spatial and teruporal scales for the
long-time series observations and process studies will be determined
wy the specific question being asked. However, as a general strategy
observations should be made along important environmental gradi-
ents, including gradients of physical turbulence, temperature, and
pollution.

Ongoing programs relevant to the above include the World Ocean
Circulation Experiment, Global Ocean Flux Study, Global Ecosys-
tem Dynamics, and the U.S. National Science Foundation’s Long-
term Ecological Research network.

PRINCIPAL ISSUES AND
PRIORITY RESEARCH CHALLENGES

An important aspeci of IGBP research is an understanding of the
mechanisms of biotic response to global change. An undersianding
of functional processes is essential for predicting long-term and tran-
sient responses to circumstances that do not now exist anywhere on
the globe. Both marine and terrestrial systems are highly variable in
space, and marine biota in particular show great variability in time.
The required research effort can be organized around several ques-
tions. How will biota respond to changes in forcing factors? What
are the positive and negative feedbacks? And what are the effects
on global processes if particular ecosystems or particular species ar>
lost or drastically reduced in abundance?

Three research approaches should be used to increase our ability

to predict biotic responses to global change and feedbacks to the
global system:

1. Laboratory and field experiments at the organism level, and
compilation of existing data on population and community patterns
in response to environmental variation and land use patierns on
large spatial scales, are needed. Field and growth-chamber experi-
ments must quantify the responses of whole plants to temperature,
moisture, carbon dioxide, and other forcing factors. These data
are needed to understand global change and also to parameterize
whole-plant ecological models. Features of plants and animals that
influence their dispersal and successful invasion of new environments
are important in predicting the time course of changes in vegetation
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and in biodiversity in the face of global change. Fine-scale palco-
records of vegetation and faunal change will also be utilized. The
genetic architecture of species and the way in which central ver-
sus peripheral populations will be influenced by rapid environmental
change must be incorporated for realistic predictions. invasions by
alien species may provide a particularly valuable model for evaluat-
ing the response of species to new conditions such as alien predators,
competitors, and pathogens. Existing data bases on plant and ani-
mal distributions and growth (e.g., tree rings) must be compiled for
correlation with climate, land use, pol.ation, and other variables.

2. Experiments are nesded on intact ecosystems, using large-
scale manipulations and taking advantage of natural experiments.
These large-scale experiments are necessary to expose intact ecosys-
tems to changed temperature, water, nutrient levels, carbon dioxide,
and pollution inputs, singly and in combination. Experimental ap-
proaches in terrestrial, lacustrine, and intertidal systems will include
the use of portable greenhouses that enclose organisms and substrate
and permit the monitoring of plants and soils under changed temper-
ature, moisture, carbon dioxide concentration, and so on. Wetlands
and upland watersheds can be subjected to hydrological manipula-
tions and altered precipitation chemistry, and species of animals or
plants can be introduced or subtracted from lakes or enclosed areas
of landscape. Because of the inherently long lag times in ecologi-
cal systemis, responses must bhe monitored for many years (1 to 50),
depending upon the particular processes in question. Population re-
sponses, system responses, and changed outputs to the atmosplere
should be measured to parameterize models. The use of environ-
mental gradients of temperature, salinity, nutrients, pollution, and
human cxploitation will be a powerful study approach.

In the oceans, natural experiments should be exploited that
sin' late conditions of global change. For example, regions of sub-
sidence can be used to simulate the effects of sea level changes on
tidal marshes or intertidal communities. In shelf areas, fish harvests
alter the abundances of species, providing opportunities to study
community structure. In the open ocean, eddies enclose water that
is subscquently moved across major ocecanographic meteorological
fronts, providing a natural climatic change experiment. Anomalous
years that change the position of the arctic front in the North At-
lantic provide a means for studying the relationship between the
extent of warm water and the mixing of nutrients. An international
agreement should be made to ensure that in anomalous years, there
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is capability for scientists to reach sites where changes in the physical
environment are occurring,

3. In the long term, ecosystem models must be assembled that
couple pog 'ation-community models with process-functional models
for simulation of the response of ecosystems to rapid, large changes
in environmental factors. This combined approach will be used in the
development of ecosystem models that are coupled with appropriate
atmospheric models, to begin the process of developing sufficient un-
derstanding of linkages and feedbacks with the global system. These
models should have predictive capa-‘ty for ecosystem responses to
forcing factors, alone and in combination, predicting the biota for
entire regions and describing consequent fluxes to the atmosphere
and oceans.

Two critical problems arise in attempting to build a model! that
can be used to predict responses to global change. First, the vari-
ability of biological materials and the heritability of responses to
environmental variation are inadequately known. Present models as-
sume that all individnals z e identical, but as more complex models
are built, scaling up from single plants to landscapes and incorpo-
rating a spatial dimension, patterns of genetic variation must be
incorporated. Second, the use of typological laudscape or ecosystem
descriptions (prairie, savanna) is inappropriate since global change
may result in the development of new landscape or ecosystem “types”
or biomes.

Llement cycling and species composition of ecosystems are
interdependent aspects of ecosystems linked by complex feedbacks.
Changing species can influence element cycling via a number of mech-
anisms; similarly changing amounts or ratios of nutrient elements will
influence species and community ccmposition. Because of this, long-
term models of ecological response to global environmental change
must represent both process-functional and population-community
aspects of ecosystems. Certain species play critical roles in ecosys-
tems; if change is so rapid that thesc populaticas ace killed out-
right, drastically changed or eliminated processes such as primary
production, decomposition, and nutrient cycling will also respond.
Protot; yes of linked models exist to predict biomass and species com-
posi.ion with changes in climatic condition (see Figure 2; Pastor and
Post, 1988). Substantial integration of observational, experimental,
statistical, and modeling approaches will be required to generalize
this type of representation for global application.

Once combined models are developed, they will then be coupled
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with the next generation of atmosphere-ocean circulation models.
Such combined models should be capable, for example, of predicting
the following on a regional scale: net primary production, water-
holding capacity of soil, albedo, surface roughness, canopy height,
and trace gas production. Steps in the development of these models
are as follows:

e Continue to develop whole-plant models of important plant
forms (e.g., trees, grass, and shrubs) that incorporate carbon, nutri-
ent and water exchange, and responses to the forcing factors, singly
and in combination.

e Couple the whole-plant function model with population-com-
munity and ecosystem models to simulate ecosystem processes as
affected by population change.

o Link the combined model with existing soil models, as has
already been done for certain forest simulation models.

e Couple the resulting model with atmospheric models at the
landscape scale (tens to hundreds of kilometers).

e Test the model over an appropriate range of systems, con-
sidering the effects of climatic change, changes in carbon dioxide
concentration, precipitation chemistry and other forms of pollution,
and so on.

Whole-ecosystem experiments will be relevant at all stages in
the development of these models. The experiments will be necessary
for the scaling-up of models from plants to ecosystems, and will also
be used to validate models, to assess responses to multiple impacts,
and to parameterize models. Similarly, the model development will
suggest needed experiments and aid in their design. Validation of the
incorporated processes can utilize the paleorecord of vegetation and
hydrology as it responded to climate in the past. Fossil data have
been compiled at a scale of resolution similar to general circulation
models for Europe, eastern North America, and Japan, but additional
records are needed, especially for Asia and for the tropics.

In order to develop and validate models, research sites are needed
to test their specific predictive capacity. Research sites should be cho-
sen on the basis of sensitivity to global change, importance via feed-
backs to the global system, importance regarding human resources,
the existence of ongoing studies that provide baseline information
and background understanding, and the potential for developing and
calibrating paleorecords that demonstrate responses to environmen-
tal changes in the past.
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In summary, the initial priority for the IGBP is to oblain addi-
tional experimental data, so that new models can be developed to
axtrapolate ecological responses to environmental changes that have
not been experienced in the past. Experiments to determine the
response at organismal and community levels, as well as large-scale
experiments directed toward scaling up from leaf to plant to stand
to watershed to biome to global levels, are needed. Impacts from
multiple stresses can be studied by means of fixed experiments on
ecosystems. Natural conditions that expose entire systems to changes
in environment that simulate some aspect of global change can also
provide valuable information. Studies at specific sites are needed in
order to develop the ability to predict changes in community and
ecosystem structure, and to predict changes in fluxes of materials
to the global system. Such sites need to be selected using a variety
of criteria including sensitivity to global change, importance to the
global system, relevance for society, and availability of background
information about the system.
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Climatic and Hydrologic Systems

CoORDINATOR: ROBERT E. DICKINSON

The climate system* consists of many linked components, involv-
ing the atmosphere and its interactions with the oceans, land surface,
cryosphere, and biosphere (see Figure 1). Various aspects of the hy-
drological cycle are important to all these components. The climate
system and its manifestations in the hydrological cycle are central
to the description, understanding, and prediction of the processes of
global change.

Human activities are capable of producing large changes in the
global climate system through massive alteration of the concentra-
tions of radiatively active trace gases, especially CO,, CH,, and the
‘ " CFCs. The atmospheric concentrations of CO,, CHy4, and other im-
: portant trace gases are maintained by biogeochemical cycles. Warm-
ing from an increase in radiative forcing, promoted by human activ-
ities, will alter the global distribution of temperature and moisture
on time scales of at least decades to centuries and possibly over much

A draft of this paper was prepared by committee member Robert Dickinson and k
revised according to comments received from a wide range of scientists (see the appendix
to this paper).
*The concept of the climate system was used initially by climate modelers in the
carly 19708 to represent this linked sysiem. More recently, research on the physical
aspects of the climate system has been organized internationally through the World
. Climate Research Program and within the United States through the National Climate
Program Office.
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THE CLIMATE SYSTEM

Atmosphere

————

Cryosphere

FIGURE 1 The climate system. Adapted from the National Climate Program Office’s
National Climate Program Five Year Plan 1988-1992.

longer time scales. Such changes will influence conditions for life
over the earth. The detection and understanding of these changes
are limited by an inadequate understanding of the natural variability
of the system.

Figure 2 (Jaeger, 1988) shows a range of possible scenarios for
global warming. The figure allows for emissions of all the trace gases
affecting climate and for the delay of global temperature increase
resulting from oceanic heat uptake. A narrowing in the uncertainty
of the global average changes in the climate system is obviously
needed. However, knowledge of such global averages alone is not
very useful without an understanding of the actual change that will
be experienced locally and regionally. A more complete picture re-
quires understanding and predicting the regional manifestations of
global climate change over time, with emphasis on changes in the
hydrological system.

The need tc improve and test climate models arises from the
need for better descriptions both of present and past states of the cli-
mate system and of its natural variability. Documenting the changes
within the climate system, using well-validated and well-calibrated
climatic and hydrological observations, is an early goal for the global
change program. New observational technologies will provide better
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FIGURE 2 Scenarios of changes in globally averaged temperature that might develop
in response to continued emissions of greenhouse gases. Values are plotted as differences
from the 1985 value (Jaeger, 1988),

detailed descriptions and contribute to improved understanding of
the complex global physical systems—the atmospheric, oceanic, ter-
restrial, and hydrologic systems including biota, snow, and ice. The
: exchanges of energy and water mass between these systems must
: be better described, quantified, understood, and predicted. Obser-
vations from space have provided, for the first time, the means to
; survey the many features of our planet rapidly, efficiently, and glob-
; all with high resolution using a single instrument or coordinated
group of instruments. So revealing are these satellite-based investi-
gations that they are now recognized to be indispensable for future
research on the climate system.

At the same time, many important aspects of the system can
only be studied through extensive observations made in situ. For
exampie, element cycling between glacial and interglacial stages over
the last 2 million years is particularly well recorded in the geological
record. Isoiation of the physical processes that drive these massive ‘
changes is a key ingredient for understanding the climatic system in 1
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its present state and hence improving our ability to predict future
climatic states.

Conceptual modeling and numerical simulations are and will con-
tinue to be powerful surrogates for and synthesizers of global obser-

CLIMATE FORCING FUNCTIONS

The climate system changes either in response to alteration of
climate forcing functjons (external forcing) or as a result of long-

sistent predictions of the (long-term) evolution of the global system,
biogeochemical forcing will have to be considered as an internal part
of the system.

Solar and Geological Forcing Functions

Solar Qutput and Orbital Variations

The radiative energy of the sun, centered in the visible and
near-infrared wavelengths, serves through its differentja] input as the
principal driver of atmospheric circulation. Thus radiative energy
powers tke climate machine, The march of the seasons is ample ev-
idence for the acute sensitivity of the environment of the earth to
changes in the distribution of solar radiation. A more sensitive gauge
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provide slow and subtle changes in the latitndinal and seasonal dis-
tribution of insolation. These variations, far smaller than seasonal
variations but of much lowger period, serve to pace the recurrence of
ice ages every 21,000, 41,000, and 100,000 years.

The solar irradiance has been measured accurately only since
1979. The small decreasing trend of 0.02 percent/year reversed
in 1987, apparently with the 11-year solar cycle. For the period
of observed decrease, the change in radiative forcing of the earth-
troposphere system was comparable with, but opposite to, that aris-
ing from increasing atmospheric CO,.

Solar ultraviolet radiation, varying irregularly with solar activity,
dictates the basic chemistry of the upper and middle atmosphere,
including the equilibrium and composition of imporiant trace gases
such as ozone. Lightning is more frequent over continents than
oceans, presumably as a result of the terrestrial concentration of
ionization sources linked to soils and airborne dust. The global
electric field is maintained by thunderstorm activity. Solar-induced
variations in cosmic ray flux or changes in the efficiency of coupling
between the solar wind and the high-latitude ionosphere may perturb
it, with a possible but little-studied influence on climate.

Variations in solar radiation and particle fluxes have substantial
effects on the magnetosphere and ionosphere, and solar irradiance
variations and particle precipitation can affect the upper atmosphere.
Variations in the abundance of cosmic rays alter the production rate
for 1C, which is tke basis for much of the dating of records of past
climate over the last 50,000 years.

Volcanic Activity

Volcanic eruptions may inject into the stratosphere SO,, which
can condense to aerosols and spread globally, thereby modifying ra-
diative fluxes into the troposphere. Monitoring these aerosol clouds
and documenting the climatic response can help the interpretation
of trends in surface temperatures and contribute to an undersiand-
ing of atmospheric transport properties. Individual large eruptions
that have occurred since the beginning of the availability of global
temperature records are known to have decreased global mean tem-
perature by as much as 1°C for up to a few years. How great an
effect might be possible from larger and/or more frequent erupions
is not known. The relatively uncommon eruption of a major caldera
system could potentially have major, even if transient, influences on
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glohal climate. Volcanism may provide varying amounts of CQ, over
10-million-year time scales.

Tectonic, Geothermal, Isostatic Rebound, Geomorphological,
and Soil Changes

Tectonic modifications of continental positions and shapes on 10-
million-year time scales are implicated i very large climatic changes.
Past variations of tectonic and volcanic factors may help test our un-
derstanding of the climatic response to large forcing, both as a surro-
gate verification of climate model performance and for understanding
sea level changes and their potential climatic connections,

The geothermal flow of heat from the earth’s interior, an essen-
tially constant boundary condition, supplements solar heating, albeit
by only a small amount (1 part in 104). However, this heat source is
significant for the thermal regimes of permafrost and ice sheets.

The response of the earth’s lithosphere to loading and unloading
of surface materials, including large ice sheets, sediments in deltas,
and groundwater withdrawal, significantly affects regional sea levels.
The response of bedrock to ice sheets has major implications for the
dynamics of cuntinental ice sheets.

The geomorphological processes that move, remove, or deposit
soil and other sedimentary materials over the land surface modify
the landscape and hydrological regime in significant ways. Rock
weathering and soil formation processes, likewise, influence the land
surface and are linked to biogeochemical cycles, especially the global
carbon cycle. Wind-blown soil modulates atmospheric radiation and
thus may contribuce to regional climate.

e

Continental Ice Sheets

Continental ice sheets, currently those of Greenland and Antarc-
tica have large effects on climate, especially in high latitudes. They
also store much of the world’s fresh water, and for at least the last
20 to 40 million years have been modifying sea level. Ice sheets
normally change significantly in size only over time scales of several .
centuries or more. Their growth and decline, associated with changes ]
in the earth’s orbit and other causes, have produced past ice ages
and interglacial periods. :
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Orbital Changes

Changes in the earth’s orbit and axial orientation modulate the
latitudinal and seasonal variation of solar radiation and 50 apparently
force a significant fractjon of the glacial-interglacial fluctuation.

Biogeochemical Forcing (Natural and Anthropogenic)

Carbon Dioxide

The concentrations of CO. in the atmosphere have risen over the
last century from 280 pPpm to 350 ppm and are projected to continue
toincrease by 1 to 4 ppm/year over the next century. These increases
in CO; are derived from anthropogenic sources, primarily from the
burning of fossil fuel and to 2 lesser extent from land use changes,
e.g., the clearing of forests. CO, concentration also depends on what
fraction of CO; release is taken up in the oceans (about half) and
what is taken up or given off by soils and vegetation (a, considerably

W/m? (where n = CO, concentration, ny = preindustria) values of
Co, concentration, W = watts, and m = meters). Atmospheri- Co,
provides the carbon for growth of vegetation; thus changing CO,
modifies this growth.

Changes in the chemical, biological, and physical characteristics
of the oceans, vegetation, and soils in Tesponse to changing climate
will provide a climate-CQ, feedback. A warmer climate may re-
duce the capacity of the upper ocean to store CO,; it may also
enhance both photosynthetic uptake and respiratory release of CO,.
At present, we do not know the sign, let alone the magnitude of
this feedback. The variations of atmospheric CO, with glacial cycles

(inferred from data in polar ice caps) suggest the presence of such
feedbacks,

Methane

adding about 0.5 W/m? of warming to the global climate system,
Since the atmospheric lifetime of CH, (about 10 years) is short in
comparison with the time scale of changes in its concentration, shifts
in its concentration reflect changes in the balance between sources




e TR AR LR, T e e

114

(mostly hiclogical and anthropogenic) and destruciion (mostly by
OH radicals in the atmosphere). Past increases over the last cen-
tury are ascribed largely to increases in CH, sources associated with
human activities in agriculiure, forest clearing (biomass burning),
and fuel exploitation, transport, and consumption. Nevertheless, the
role of past and future changes in rates of CH,4 destruction in the
atmosphere also warrants careful sci utiny. Changes in temperature,
inundation period, and inundation area will change CH, flux from
natural wetlands and permafrost regions. There may also be sub-
stantial release of CH, from methanehydrates present in continental
slope sediments as the ocean responds to atmospheric warming.

Dimethylsulfide

Cloud droplets form around cloud condensatjon nuclei (CCN).
Oceanic clouds primarily condense around sulfate aerosols, which
are supplied by DMS emitted by the oceans {Charlson et al., 1987).
DMS is generated by certain kinds of marine phytoplankton, and its
gencration rate may depend on the temperature of the ocean surface
waters. An increase in sulfate CCNs would increase the numbers of
cloud droplets and hence increase planetary albedo over the oceans.
We need to better quantify how the flux of DMS now influences cloud
cover and albedo and how various changes might modify the flux of
DMS to the atmosphere.

Other Aerosols

Aerosols of both natural and anthropogenic origin, e.g., from
desert dust or conversion of combustion products, may modify radia-
tive fluxes either directly by their radiative properties or indirectly
through their effects on cloud cover or optical properties. Lifetimes
of aerosols depend on wet and dry deposition processes, which may
vary with climate change.

Other Trace Gases

The CFCs F-11 and F-12 may in several decades also buijld up
to large enough concentrations to add significantly to greenhouse
warming. Likewise, N,0, tropospheric and stratospheric 03, and to
a lesser extent many other trace gases are also of radiative impor-
tance and are undergoing changes in flux rates. Changes in climate
and hydrology will feed back on production and destruction rates of
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these trace gases. In particular, Oy decrease and CO, increase can
reduce stratospheric temperatures by large amounts and so affect the
planetary wave and radiative coupling to the troposphere. Strato-
spheric water vapor is strongly dependent on the temperature of the
tropical tropopause and on CH, concentrations.

Effects of Land Use Changes on Climate

Changes in agricultural activities, deforestation, and desertifi-
cation are increasingly affecting the climate system and in turn are
affected by changing climate. The impacts of vegetation and land
use changes on climate are of two kinds:

1. Biogeochemical: surface modifications affect global atmo-
spheric composition and its radiative balance. Biomass burning, a
major mode of deforestation, is a source of CO,, CH4, N,0, CO,
particulates, and other trace gases. Deforestation is generally ac-
companied by degradation of soils and enhanced fluxes of CO, and
N3O to the atmosphere. Increases in rice cultivation and ruminant
population increase the amounts of CHy, while an increase in fertilizer
usage contributes to rising N,O concentrations in the atmosphere.

2. Biogeophysical: modifications of vegetation cover alter re-
gional hydrology and regional surface-energy balance. The impor-
tance of land-surface effects on climate has been suggested by model-
ing sensitivity studies. These studies indicate that increases in albedo
from land degradation in semiarid regions could promote drought.
Other studies have shown that model-simulated climates are also
sensitive to land-surface boundary conditions that affect evapotran-
spiration. Interactions between vegetatior. and snow cover may also
be important,.

The issue of realistically modeling how land processes, in partic-
ular vegetation and soil moisture, interact with the climate system
is only new beginning to be addressed. Such modeling should recog-
nize the two-way coupling betwcen these two systems, as vegetation
changes both its form and its function in response to climatic forc-
ing. The modeling efforts must recognize the small spatial scales over
which vegetation cover and soils vary.
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RESPONSE OF THE CLIMATE SYSTEM
TO CHANGES IN FORCING

Nature of Climatic Forcing

Changes in total solar output, stratospheric aerosol, or atmo-
spheric trace gases that are long-lived (fairly well mixed globally),
such as CO; and CHy, affect the climate system through the addi-
tional global radiative forcing that they provide. Some differences
occur in the vertical, latitudinal, and seasonal distribution of atmo-
spheric radiative forcing, but the effects of these differences are not
yet established and are apparently relatively small. Thus studies of
the global response of climate to increases in atmospheric CO, also
largely apply to increases of other trace gases and to increased so-
lar heating. The practical question is thus how the climate system
responds to the sum of various global inputs in the past and future.

The change in climate from changes in global radiative forc-
ing will be in part manifested by a variety of regional responses,
with changes in some regions more significant than those in others.
Changes in other climate forcing factors, in particular those related
to vegetation and ice cover, will have their largest effects on a re-
gional scale and be specific to the given forcing and location. These
effects largely involve changes in energy exchange processes at the
surface, especially over continental interiors.

Key Areas of Uncertainty in Evaluating
Climate System Response

Cloud Effects

Clouds have multiple properties that are important for climate
change. They modulate both incoming solar radiation and outgoing
thermal infrared radiation. Reflection of solar radiation depends not
only on cloud amount but also on the optical thickness of clouds, on
the liquid water content of the clouds, and on the size distribution
of the cloud droplets. The upward flux of thermal infrared emission
from clouds depends on cloud-top temperature and on cloud emis-
sivity. Only high, thin clouds, i.e., cirrus, have emissivities that are
significantly less than 1.0 and hence have thermal emission controlled
by cloud thickness.

Preliminary and incomplete treatments of cloud feedback on cli-
mate have been included in recent GCM studies of climate response
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to CO, doubling. These studies have found that cloud changes sig-
nificantly affect the surface temperature response. As temperatures

the case of cirrus, however, increased amounts of thermal infrared
radiation are expected to be trapped and so amplify the greenhouse

averaged cloudiness change; they indicate, in particular, a decrease
in cloudiness in the moist, convectively .ctive regions such as the
tropical and middle latitude rain belt and an increase in the stable
region near the surface from middle to high latitudes ag well as in the
lower stratosphere. Such cloud changes would be expected to have

temperature.

Actual clouds arc ofter, thinner than a mode] |- ver and generally
have horizontal scales of 1 to 100 km, '~ scies unresolved by

High-Latitude Response

The largest regional temperature increases from global warming
are expected in high latitudes as a result of albedo and atmospheric
stability changes linked particularly to the extent of sea ice. Modeling
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studies find that most of the high-latitude temperature increase oc-
curs in winter as a result of increased summertime uptake of heat by
the oceans through an increased fraction of open water and thinner
sea ice and a corresponding wintertime release of that heat.

The annual growth and decay of sea ice introduce a strong sea-
sonal signal not only to the physical but also to the biological com-
ponents of the polar regime and may affect ocean uptake of CO; and
nutrient supplies. Treatments of these issues have been handicapped
by inadequate consideration of the complex effects of sea ice dynam-
ics, ice distributions at subgrid scale, and interactions with ocean
dynamics and salinity and with overlying cloud cover. Also, polar re-
gions, especially in winter, are relatively poorly represented by global
climate models because of their low absolute concentrations of water
vapor and the singular aspects of the poles in spherical coordinate
systems.

Processes determining albedos of snow and ice are linked to many
other components of the system. Changes in permafrost have large
effects on the land surface and hydrological regimes. Increases in
summer temperature and thaw period may enhance photosynthesis
and respiration of boreal forests as well as CH, production by high-
latitude peat lands.

Atmospheric Hydrological Response

Water vapor is the most variable radiatively active constituent of
the atmosphere and is the main contributor to the greenhouse effect of
the atmosphere. In addition, even slight changes in the water mixing-
ratio and corresponding changes in relative humidity can alter the
density, optical properties, and altitude of clouds and hence affect the
transfer of solar and terrestrial radiation through the troposphere. A
rise in global tropospheric temperature increases atmospheric water
vapor, which in turn increases by approximately twofold the rise in
surface temperature from the other greenhouse gases alone. However,
this feedback is rather uncertain because of lack of understanding of
possible changes in water vapor concentrations, especially in the
upper troposphere and lower stratosphere.

Global circulation models simulate the very broad-scale features
of global precipitation reasonably well, including the main bands of
precipitation along major depression tracks and in the tropical rain
belts and the areas of meager rainfall over major deserts and along
the eastern side of the subtropical oceans. Nevertheless, there are
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serious errors on the reional scale, and patterns and amounts of
precipitation vary from model to model. Even the degree of error
is difficult to judge because of major uncertainties in measurements.
In the long term, the radiative cooling of the atmosphere is bal-
anced globally by latent heat release resulting from net condensation
and the transfer of sensible heat from the surface. Thus simulated
precipitation rates are sensitive to the parameterization not only of
precipitation processes but also of radiative and turbulent transfer
of heat from the underiying surface.

At the low horizontal resolution of current global models, the
simulations of sharp features such as the tropical rain belts and
frontal systems are smoothed. The orographic effects of mountains
and ice sheets are poorly treated. The high spatial variability of
rainall patterns, especially those connected with convective systems,
presents serious challenges both to estimation of rainfall amounts and
to the modeling of variations of the surface-hydrologic system over
land. Statistical representations of rainfall structures as now used
in studies of catchment hydrology need to be related to atmospheric
processes and incorporated into climate models.

Improved algorithms for simulating the movement of water va-
por, sensible heat, and momentum through the planetary boundary
layer are important for modeling the coupling be.ween the atmo-
sphere and the land and ocean surfaces.

Surface Hydrological Response

The terrestrial hydrology is forced by atmospheric phenomena,
i.e., precipitation, surface radiative balance, surface winds, air tem-
perature, and humidity. The land in turn interacts with the atmo-
sphere through fluxes of sensible and latent heat. Key constraints
on these interactions are the conservation of energy and water, and
these constraints must be included in even the simplest treatments.
However, actual land surfaces are extremely complex, and models are
only now being developed that capture some part of this complexity.

Surface hydrological processes, i.e., runoff, infiltration, and evap-
oration, depend on the soil, vegetation, and the aspect and slope of
the land surface. These processes appear to vary over a wide range
of spatial scales. The parameters entering into the descriptions of
these variables in models are inferred from local measurements of
Pi.cesses made in cpecific environmental settings. Precipitation is
initially intercepted by canopy foliage; that which reaches the ground
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percolates downward, according to soil-and moisture-dependent hy-
draulic conductivities. Water is returned to the atmosphere either
by evaporation from the soil surface or by evapotranspir.tion from
the surfaces of green leaves.

The movement of water through plants depends on plant phys-
iology, in particular leaf stomata) functioning, which is not always
easily modeled. These physiological processes interact with atmo-
spheric gases. For example, CO; concentrations are known from
laboratory studies to have a large immediate effect on the stomatal
resistance of many plants. However, adjustments that may occur over
the lifetime of plants or in future generations that may compensate
for such effects are poorly known. Roots that move water from soil
to plants can provide the limiting resistance to evapotranspiration
under conditions of water stress.

The rate of evapotranspiration is proportional to differences be-
tween the water vapor concentrations at or just within soil and plant
surfaces and the water vapor in the overlying air. The vertical struc-
ture of vegetation coupled with the complexities of turbulent transfer
processes within and immediately above the canopies complicates
simple flux-gradient modeling. The vapor gradients driving fluxes of
water from soil and vegetation surfaces depend in turn on surface
temperatures, which themselves depend crucially on the processes
determining the surface energy balance.

Climate models that are used to simulate future climate change
from increasing trace gases have not yet incorporated detailed mcd-
els of hydrological processes. However, simple energy- and moisture-
conserving parameterizations for soil moisture have resulted in an
indication of possible future hydrological change. In particular, some
model results suggest a significant decrease in soil moisture in mid-
dle latitudes of the Northern Hemisphere during the summer season.
This summer drying could arise from a northward shift in the mid-
latitude summer rain belt and from a greater and more intensive
period of drying associated with earlier snowmelt and warmer tem-
peratures. Decreases in cloud cover may amplify this midcontinental
drying, raising the specter of a possible future increase in the fre-
quency and severity of agricultural drought in central continental
areas of the mid-latitudes. Forest fires and dust storms also must
be considered as potential agents of land surface change. The water
supply for mid-latitude arid regions, mainly derived from mountain
winter snowpack, is poorly represented in current models of climate
change, where resolutjon is too coarse to resolve the topography of
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individual mountain ranges and their critical effects on precipitation.
Treatments of runoff in climate models do not adequately represent
the realities of catchment-scale hydrology, such as the highly non-
linear, almost threshold, relationships between rainfall and runoff as
well as the dependence on terrain, soil heterogeneity, and subgrid-
scale statistical structures of rainfall patterns. The hydraulic con-
ductivity of soils, determining the rate of water infiltration, can be »
strongly controlled by biological processes that influerce, for exam- : i
ple, soil structure and macropores.

Improvemerts in modeling the linkages between surface hydrol-
: ogy and climate require better understanding of evapotranspiration :
! from diverse terrestrial vegetation, other land covers, and lakes; in-
. filtration of water through the unsaturated zone with consequent

improved understanding of aquifer recharge; the conversion of pre-

, cipitation to streamflow, including the role of topography at a variety
L of scales of catchment and storm patterns; and the processes of snow
i accumulation, transformation, redistribution, and melting.

Ocean Coupling to the Rest of the Climate System f

The ocean is coupled to the atmosphere through exchanges of '
sensible, latent, and radiative heat; momentum; various important
trace gases, e.g., CO; and DMS; and the exchange of water by precip-
itation evaporation and river flow from the land. The temperature of
the ocean surface is especially important in determining these fluxes.
Surface temperatures in turn depend not only on these fluxes but also
on the redistribution of thermal energy within the oceans by vertical
mixing and by horizontal energy transport, i.e., the oceanic general
circulation. The ocean circulation is in turn sensitive to the supply of
! fresh water and consequent changes in salinity. Oceanic heat uptake
! will affect the transient evolation of both global temperature increase
and changes in regional hydrological properties. In high latitudes,
the presence and seasonal variation of sea ice constitute another
important oceanic climate factor that couples to atmospheric and
oceanic energy exchange processes and can substantially enhance the
response of high-latitude climate to radiative forcing.

The ocean, through ite intermediate-time-scale circulations, is
capable of changing the equilibrium concentrations of CO; on rela-
tively short time scales. The possibility of multiple circulation states
of the ocean leads to the possibility of multiple states of the climate
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system. Exchanges of nutrients between land and ocean and oceanic
nutrient cycles may also have climate feedbacks.

Abrupt Change

Observationally, an abrupt change is one that js rapid in relation
to the time and space resolution of direct or PTox ° measures of
change. Considerations of past and future climaie cuang > bave been
dominated by the assumption that any gradual forcing would elicit
a smooth response. However, an increased understanding of the

because of greenhouse warming might be accompanied by significant
changes in high-latitude climate.

The large lake systems that existed in the Great Basin of the
western United States about 13,000 years ago almost completely
disappeared within a few hundred years, suggesting that a rapid and
discontinuous change occurred ia the overall behavior of the surface
hydrologic system for 2 region covering about one-half million square
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Some or all of these possibilities appear rather unlikely over the
next century, but their consequences could be much ore severe
than those of gradual global warming. Thus there is a clear need for
scrutiny of evidence in the climatic record for abrupt climate change
and its effects on the system from natural causes. Carelal observation
of the current system and studies with joint ocean-atmosphere models
of the climate system that may exhibit multiple equilibria are needed
to better understand the prospects of natural and human-induced
abrupt change. The links between planetary radiation, atmospheric
trace gas content, atmospheric water transport, ocean circulation,
and the marine and terrestrial biospheres also need to be examined
with this possibility in mind.

DOCUMENTATION OF PRESENT CLIMATE AND THE
FACTORS THAT CAUSE IT TO CHANGE

The following key research issues should be addressed:

1. The recovery of the past nistory of environmental change,
involving studies of ocean and lake sediments, ice cores, tree rings,
and sea level changes for information about past climate, hydrolog-
ical regimes, ocean circulation, biological interaction, atmospheric
chemical composition, and solar inputs.

2. Comprehensive documentation of changes in the current phys-
ical environment, including observation and understanding of the sun
and near-earth space, the atmosphere, snow and ice, oceans, and the
soils and vegetation of the earth.

The former aspect is discussed in the companion paper on “Earth
System History and Modeling,” and the latter is discussed below.
Onl ~ within the last few decades have the technology, telecom-
munications, and the logistics necessary to handle large amounts of
data been developed to the point where comprehensive giobal ob-
servations of the climate system have become feasible. Sustained
progress in understanding the global system will require a compre-
-.‘ hensive continuous observing program, ongoing theoretical investi-
gations, and global modeling efforts. Such a program is necessary to
document climate changes, to further studies of important processes,
i’ and to provide the d»'1 needed to construct, test, and utilize models
of the system and :ts components. Some limited instrumental data
extend back over a century or more and provide much of what is now
known about past change. Such data must be analyzed and their
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collection extended into the future, with considerable care for the
continuity and calibration of these records.

Most studies of the current global atmosphere now rely on the
information provided by the worldwide network of surface and upper-
air sounding stations organized by the World Weather Watch and
the system of four to five geostationary and two polar-orbiting me-
teorological satellites, which has been, more or less, in operation
since the Global Weather Experiment of GARP (about 1979). This
real-time operational observing and data management system is com-
plemented by various sources of delayed data such as temperature
profiles of the upper oceanic layer, sea level data, and a wide variety
of surface and subsurface hydrological measi.rements. The system
suffers from several deficiencies, which include (1) serious gaps in the
three-dimensional distribution of wind observations over the oceans;
(2) large uncertainties, resulting from insufficient sampling and mea-
surement errors, in the estimation of precipitation over land areas
and total lack of information over the oceans (and over some coun-
tries that do not make hydrological data available for international
exchange); and (3) significant uncertainties in the three-dimensional
global distribution of water vapor and clouds, and the aimost total
lack of global information about surface properties, including soil
moisture. Climate studies are concerned with the quality and con-
tinuous availability of the data, whereas the real-time collection is
primarily of importance for operational agencies.

Current prospects for the geostationary platforms of the system
are satisfactory, since the major meteorological satellite operators
are now in the process of finalizing their plans to replace some of
the existing operational satellites with a second generation of space-
craft with nearly ide-tical advanced sensors. However, the replace-
ment of existing operational environmental satellites in polar orbit
must be undertaken to ensure the continuity of essential atmospheric
measurements as well as to provide adequate facilities for testing
experimental remote sensing instruments.

The measurement of the distribution of all phases of water in
the atmosphere should be given high priority if the fundamental role
of fresh water on time scales of decades wo centuries in all subsys-
tems of the earth system is to be understood. Global patterns and
amounts of precipitation on a year-to-year basis must now be es-
timated by the use of rain gauge networks over land¢ coupled with
correlations of precipitation with cloud top temperatures over oceans.
A Tropical Rainfall Measurement Mission would begin to satisfy a
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critically important requirement for direct space measurements of
global precipitation by testing the feasibility of using active and pas-
sive microwave data together with visible and infrared imagery. A
low-inclination orbit could resolve the mean diurnal cycle of rainfall
over the tropics and assess the relationship of latent heat released
into the atmosphere to anomalies in atmospheric circulation.

Studies of atmospheric water vapor are also equally important.
Its variations in space and time are inadequately known. Planned
improvements of operational satellite instruments shiould start soon
to yield significant information for the lower troposphere on a global
scale. Atmospheric radiation balance is especially sensitive to the
concentrations of water vapor in the upper troposp.ere and lower
stratosphere.

Radiative balance of the climate systern., and the dynamical pro-
cesses that give rise to cloudiness, are highly significant for climate.
Continuous measurements of the total solar output provide a funda-
mental boundary condition for radiative inputs, as do measurements
of the varying contribution to planetary albedo from stratospheric
aerosols. Current analyses of cloud amounts and their trends are
based upon visual estimates by ground-based observers. The Inter-
national Satellite Cloud Climatology Project (ISCCP) now under
way will assemble a 5-year data set of radiance measurements from
information returned by five geostationary and two polar-orbit:ng
satellites. The data will allow compilation of meaningful statistics
for cloud amount, type, height, and optical thickness. The First
ISCCP Regional Experiment (FIRE) is a U.S. contribution helping
to validate algorithms for this derivation. Globai information on the
altitude of cloud bases is not included in thrse measurements, but s
also needed.

A complementary approach to determining the rote of clouds
in the radiation balance is the measurement of the components of
the radiation balance itself: the fluxe. of solar and infrared ra-
diation at the top of the atmosphere and their inferred value in
an equivalent cloud-free environment. The difference is the “cioud
forcing.” This quantity is obtained using a combination of a sim-
ple, wide-fieid-of-view instrument on sun-synchronous polar-orbiting
satellites together with non-sun-synchronous satellite measurements
of the Earth Radiation Budget Experiment (ERBE). Spectral and
directional models are necessary to relate the narrow-spectral-band,
narrow-field-of-view operational instruments to the total fluxes and
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to infer the fluxes at the top of the atmosphere from those at satellite
altitude.

The International Satellite Land Surface Climatology Proje.¢
(ISLSCP) program, through sucl field programs as the Hydrologi-
cal Atmospheric Pilot Experiment (HAPEX) in 1986 and the First
ISLSCP Field Experiment (FIFE) in 1987, focuses on the develop-
ment and improvement of algorithms for remote sensing of physical
properties of the land surface important for climate models. Progress
has been made in the observation and interpretation of a vegetation
index based on the difference in reflected radiances in the visible and
near-infrared channels of the Advanced Very High Resolution Ra-
diometer (AVHRR) imager and, more recently, in nnother approach
to a vegetation index based on a microwave measurement. Also
promising are procedures to measure surface radiative temperature,
including its diurnal variatior.s. from window infrared 2nd microwave
thermal emission and procedures to obtain incident surface radiation
from reflectznce of visible radiation by clouds. Progress in inferring
surface albedo is also being made, with improvement in atmospheric
corrections including cloud removal, better cal’bration, and advances
in understanding the angular dependence of bidirectional reflectance
of land surfaces.

Observation from space of land surface climate properties re-
quires consideable information about the atmosphere. First, radia-
tive emissions sensed from the surface are modulated by atmospheric
gases, clouds, and aerosols, whose effects must be quantified. These
modulating influences can be as important as the land properties
being measured, both for the dynamics of the land processes and for
the climate system in general. Second, some key observations such as
the indirect measurement of soil moisture, hence evapotranspiration,
require measurements of near-surface atmospheric properties, e.g.,
humidity and winds. A detailed description of surface-energy bal-
ance over land, like that over the ocean, requires both atmospheric
and surface information.

Observational research on land surface climate processes and
hydrology must be closely coordinated with related meteorological
studies, such as those of the U.S. National STORM Program, and
with global change activities in the areas of biological dynamics and
biogeochemical cycies. Besides satellite systems, there will be a need
fcr continued application and davelopment of aircraft measurements,
in situ sounding systems, and surface instryinental systems, espe-
cially for process studies. These land surface climate processes are
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linked to the many practical facets of the impacts of climate change,
€.g., water resources and agricultural productivity,

Chauges i glaciers and small ice caps, in both high-latitude and
mountain environments, contribute to global sea leve] rise and fall.
Seasonal snow is another sensitive indicator of climate change an¢
provides positive feedback through its effect on global albedo. The
presence of sea ice, already measured from Space, complezely changes
the magnitude of the heat and moisture fluxes froin the ocean as well

thickaess, the distribution of ice of differing ages and its motjon and
the extent of surface melting and its relation to jce albedo.

A change in the volume of polar ice could result from ap increase
or decrease in global teniperatures. Yet at present we have no reliable
means to assess changes in the inventory of ice in the Greenland and
antarctic ice sheets. We need to know whether Present ice sheets,
averaged over the seasonal cycle, are in steady state, growth, or decay
phases. Variations in polar ice volume should be detectable in sea

local tectonic movements, and by rebound from the melting of the

but satellite altimetry could be applied to this problem.
Current observational programs in the ocean sciences support
the goals of the IGBP to the extent that they focus on ocean sur-

convection processes and depend on vertical distributions of temper-
ature and salinity, horizonta] advection of these quantities, and hence
ultimately on the oceanic general circulation.

Complemeuting the sparse data Coverage by the many ship-
based programs, satellites provide regular global observations over
the ocean of surface temperatures, sea jce cover, and in the future,
wind stress from roughness, winds over the ocean, and sea leve]
height. It js niecessary to measure the geoid more accurately in order
to use sea level heights to derive ocean surface currents. Long-term
monitoring of sea level height is needed both from surface and from
space platforms.
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PRINCIPAL ISSUES AND RESEARCH CHALLENGES

Sustained, Calibrated, Long-term Measurements

Long-term monitoring of the more important global climate and
hydrological variables is crucial. This objective requires stable, well-
calibrated measurements over a multidecadal time frame. Monitoring
of both forcing functions and system responses is needed. The list of
long-term monitoring needs cited in NA3A’s Earth System Science
Committee (1988) report (here reproduced as Tabie 1) merits full
support. The most critical forcing variables are solar irradiance, vol-
canic emissions, and radiatively important trace species, especially
CO,, CH,, and the CFMs. Atmospheric response variables of high-
est priority for long-term measurement are surface air temperature,
tropospheric temperature, precipitation, and surface pressure. Also
very important are winds, especially in the tropics, components of
the earth radiation budget, cloud amount, type, height, and optical
thickness.

Land surface properties for a variety of representative surfaces
must also be measured over a long term, especially those proper-
ties controlling the fluxes of water between surface and atmosphere.
These properties include precipitation, measures of soil moisture, and
vegetation cover, all on a regional scale. Measurements must include
the surface radiative temperature, incident solar flux, seascral snow
cover, snow water equivalent, changes in the volume of high-altitude
and continental ice sheets, amount of river runoff, distribution of
permafrost, levels and freezing dates of lakes, extent and seasonality
of wetlands, and other surface characteristics such as albedo, rough-
ness, and emissivities in the infrared and microwave bands. Key
ocean variables are sea surface temperature; sea level; sea ice extent,
type, and motion; ocean wind stress; subsurfice circulation; and
incident solar flux. Adequate attention should be giver. to sustained,
calibrated, long-term measurement of the types of variables discussed
above and analyzed by NASA’s Earth System Science Committee.

Information Systems

Components of information systems include data transmission,
quality control, directories, catalogs, and inventories; products of
special analyses; status of data observation, collection, archiving,
and distribution; and agreements for international exchange of data.
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TABLE 1  Sustained, Long-term Measurements of Global Variables Important for
the Study of Global Change on Time Scales of Decades to Centuries (NASA's Earth
System Science Committee, 1988)
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Policies for pricing of data and funding for acquisition must encour-
age, rather than hinder, the required research and analysis with
long-term multidecadal data bases. Calibration and long-term sta-
biiity of operational measurements must be adequate to ensure the
integrity of the long-term data bases. Plans must include adequate
programs for reanalysis of model-assimilated data bases.

Special attention is nceded to develop systems to handle the
large data streams from present satellite observations and the even
larger ones from future coordinated packages as planned by NASA
in its EOS program. The analysis of these data into forms readily
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manageable by the scientific community will be a key issue. Large
amounts of information must be made available to the scientific
community in a friendly, supportive, and timely fashion, through
distributed systems using modern computational (supercomputer)
and workstation technologies. An aggressive and supportive new
approach at the national level is needed to develop a national data
and information syst>m for climatic and hydrological data that is
consistent among agencies and thus allows ready access by a wide
variety of researchers,

Hydrological Cycle

Understanding the cycling of water in its three phases is crucial
for studies of global ch ange. Within the atmosphere and at the sur-
face, water absorbs and reflects solar radiation with a wide range of
albedos. Both clouds and water vapor are more important for trans-
fer of thermal infrared radiation than any of the trace greenhouse
gases. Evaporation removes much of the net radiative heating at the
earth’s surface; vertical and horizontal transport of water vapor is a
dominant mechanism for redistribution of energy within the atmo.
sphere. Water is a key ingredient of tropospheric and stratospheric
chemical processes. It is also critical for the presence of life. In par-
ticular the dynamics of terrestrial vegetation, through its dependence
on water supply from precipitation, are linked to climate.

Current information on the global and regional budgets of water
is inadequate, and key ingredients-—i.e., clouds, atmospheric water
vapor, soil moisture, Precipitation, and evaporation—are now inad-
equately measured. These variables and the processes responsible
for them need to be better represented in global models. The World
Climate Research Program (WCRP) has developed a concept of a
Global Energy and Water Experiment (GEWEX) to greatly improve
the observational and modeling basis for including the physical hy-
drological system in studies of global change. Building upon the
GEWEX concept of WCRP, a program should be developed to better
definc the hydrological cycle and related energy fluzes by means of
global mcasurements of observable atmospheric and surface proper-
ties, and to study and model processes of the global hydrological cycle

and its connections to land processes and properties of the oceanic
surface layers.
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Effects of Terrestrial Vegetation on Climate
and the Hydrological Cycle

There are close connections between climate and vegetation cover
of both natural and managed ecosystems. The global patterns of
net radiation, ocean temperatures, and precipitation impose strong
constraints on the dynamics of vegetation. However, there are also
significant feedbacks of the vegetation cover on the climate system.
Important factors controlled by vegetation include surface albedo,
evapotranspiration, and surface roughness. These factors are still
poorly represented in global climate models. They depend in part
on the changes of vegetation cover with seasonal temperatures and
associated extreme weather events, and on variations in precipitation
processes, seasonal or otherwise. They also depend on atmospheric
composition either as a stress factor or as a source of nutrients, e.g.,
the dependence of evapotranspiration on atmospheric CO, either
directly through its control of stomatal closure or indirectly through
its control of ecosystem structure. A program of observations and
modeling should be developed to improve understanding of the effects
of terrestrial vegetation on climate and to build a foundation for
incorporation of these effects in models of global climate change.

Sources of Biogenic Gases and Dependence on Climate

Some biological processes contribute to greenhouse warming by
changing atmospheric composition. Other processes provide con-
densation nuclei for clouds and so may contribute to an increased
cloud albedo, hence a cooler climate. CHy, the next most important
greenhouse gas after CO,, is poorly understood as a factor in global
change. We do not know why it has increased by more than a factor
of 5 since the last ice age, and we cannot predict how either terrestrial
sources or atmospheric loss might be modified by changes in climate
or atmospheric composition. DMS is apparently the major source of
cloud condensation nuclei over the oceans; yet we have no idea as
to how its sources might change with climate change. A program of
observation and research is needed to improve understanding of the
sources of atmospheric gases from biological processes and to develop
parameterizations for including these sources in coupled models of
global climate change and biogeochemical cycles.
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Atmospheric Dust and Aerosol

Solid particulates in the atmosphere affect atmospheric radiation
balance directly through their modulations of atmospheric radiation
balance and indirectly through their role as cloud condensation nu-
clei. Atmospheric aerosols either increase or decrease the net ab-
sorption of solar radiation, depending on their optical properties
and those of the underlying surface. Carbon particles are generally
the most absorbing, and pure sulfate particles the most reflective.
Wind-suspended material originating in arid regions is widespread
and has been recorded in vastly increased amounts in the paleocli-
matic record. Its representation in climate models would help focus
on the transport characteristics of the models (also needed for cou-
pled chemistry studies) and would add representation of a significant
ingredient in the climate system. Research is needed to describe the
surface processes responsible for the lifting of soil and desert aerosol
on a global basis, the distribution of this aerosol within the atmosphere,
its global transport and locations of deposition, and the inclusion of
all these processes within a global climate model.
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INTRODUCTION
The need to view human activity as an integral component of
the geosphere-biosphere system has been emphasized since the ear-
liest writirgs on global change. The Russian mineralogist Vladimir
Ivanovit<h Vernadsky, recapitulating in 1945 themes he had first ar-
ticulated in lectures and books 20 years earlier, described his concept '
of :
the biosphere, the only terrestrial envelope where life can exist.
Basically, man cannot be separated from it. He is geologically
connected with its material and energetic structure. (Vernadsky,
1945)
Echoing the Italian geologist Stoppani, Vernadsky argued that
the most environmentally significant aspect of the human connection
was not technology per se, but -2ther the sense of global knowledge
and communication enger” . by that technology.! He portrayed
this “noosphere” or “re v: thought” as
a new geological phenomenon on our planet. In it for the first
time man becomes a large-scale geologic force. Chemically, the
fzce of our planet, the biosphere, is being sharply changed by f
.»an, consciously, and even more so, uncensciously. (Vernadsky,
1945) :

Vernadsky #1d hi: pred.cessors had neither the data nor the

instruraentation to cunvert their insights into useful analytical tools

| for describing and understanding global interactions between envi-
ronment and processes of human development.? Ove; the last 50
years, however, and especially in the quarter century since the In-
ternational Geophysical Year, the necessary measurements, modeis,
and concepts have rapidly accumulated. We now know that human
activities have undamentally transformed the face of the earth, as
well as the diversity and distribution of its biota. These activities

Xk 1Stopp&mi, writing in 1873, argued that man constituted a new geological force,

and designated ours as the “anthropozoic era.” He believed that “the creation of man

. was the introduction of a new element into nature, of a force wholly unknown to>

§ earlier periods. It is a new telluric force which in power and universality may be com-

pared to the greater forces of earth.” (Corso di Geologia, Vol. ii, cap. xxxi, sect. 1327

Milan).

2For example, despite their seminal character and originality, both the work of

George Perkins Marsh (1964) and, nearly a century later, the first major interdisci-

plinary review of Man’s Role in Changing the Face of the Earth (Thomas, 1956)

are ultimately anccdotal works that infer a global assessment on the basis of expeiience
in a relatively small number of intensely studied areas.
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have induced chemical fluxes at the continental and even global scale
that are comparable to or greater than those occurring in nature.
They have long since changed local climates and may now be alter-
ing the heat and water fluxes of the entire planet (Bolin and Cook,
1983; Holdgate et al., 1982; Nriagu and Pacyna, 1988; Turner et al.,
in press). -

The reciprocal impacts of environmenta] change on human socj-
eties have also become significantly clearer over the last half-century.
Simplistic theories of environmental determinism have been replaced
by an Increasingly sophisticated appreciation of the ways in which
the physical environment shapes the challenges and opportunities
that face communities, regions, and states (Chisholm, 1982; White,

(Clark and Munn, 1986; Jacobs and Monroe, 1987; Milbrath, in
press; Redclift, 1987; WCED, 1987). Still needed, however is a re-
search paradigm that takes Vernadsky’s insights seriously and that
harnesses the full range of scholarship necessary to address the in-
teractions among human, ecological, and physical systems involved
in global change.

Understanding the interactions between human and environmen-
tal systems demands involvement of many fields, including resource
aud development ecor.omics, political science, sociology, geography,
human behavior, anthropology, history, law, and engineering. Ap-
plied assessments of environmental impacts, risk, and hazard also
provide insights. And numerous works have examined the human
causes or consequences of particular instances of large-scale envi-
ronmental change.® In addition, a growing interest in the human
dimensions of global changs has elicited over the last several years

a number of symposia, workshop reports, and edited volumes (see
Annex B).

3Specil’ic examples of this work are cited in the text of this Paper. But no compre-
hensive and critical review of this material has yet been conducted with a view towards
its relevance for global change studies. An excellent initial survey is provided by White
(1988b). Among the broadest critical assessments of major studies on particular envi-
ronmental problems is Glantz et al. (1982).
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Goals for ™ ____zch on the Human Dimensions
of Global Change

The need for an interactive view of global change has been rec-
ognized in the IGBP since its inception. The initial exploratory
symposium on global change at the 1984 ICSU General Assembly in
Ottawa included several papers under the general heading of “the
geosphere-biosphere and human activity” (Clark and Holling, 1984;
Kates, 1984; Revelle, 1984). As articulated by Robert Kates at
ICSU’s 1984 Ottava symposium on global change:

[t}he research opportunity over the next decade is to exariine
the boundaries of the sustainable development of the earth. Ba-
sic scientific research will provide much improved knowledge of
human-induced change in the biosphere, the capacity of natural
sys.ems i0 absorb such change, and the ability of human soci-
eties to adjust or adapt their behavior. The focus will be on
the donvergence of problems, methods, and theory. From such
fundamental knowledge a scientific and truly human ecology can
emerge and it should be part of an international geosphere-
biosphere program. (Kates, 1984:493)

Two years later, the program was ddfined to include the objective of
understanding the manner in which the earth system is influenced
by human acticus.

ICSU’s Special Committee for the IGBP broadened this goal
to include the reciprocal consequences of global change for resource
availability as an underlying theme deserving special emphasis in the
program (ICSU, 1987:3-4). The question is, therefore, not whether,
but only how the interactions between environmental and human sys-
tems should be studied in the context of the International Geosphere-
Biosphere Program.

TR SR VTR ST T e TR AT RS . T T

Goal and Organization of This Paper

The goal of this paper is to articulate the principal issues and
questions that should be addressed to assure effective integration of
research on the human dimensions of global change withir the U.S.
contribution to the IGBP.

This is an intentionally restrictive goal that explicitly excludes
many important aspects of the interactions between environment
and society. In particular, this chapter does not purport to iay out
basic research agendas for the individual social or behavioral sciences
or engineering disciplines with interests in environmental change.
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Such agendas can only be defined “internally” hy the specific fields
tuvolved; a number of efforts are now under way to do just that. Nor
does this chapter attempt to address the immediate policy issues of
what to do about global change. Again, other initiatives 2re actively
investigating such questions,4

The essence of such an “external” definition of priorities is that it

)

Causes, and consequences of those interactions are then summarized
in the section on “unresolved questions,” drawing upon the previ-
ously noted body of recent discussions on the human dimensions of
global change. Many of these questions will be dealt with through
the normal course of research now planned or under way in a num-

efforts.

PRINCIPAL ELEMENTS OF THE HUMAN SY5TEM
INVOLVED IN GLOBAL CHANGE

This section outlines the elements of the human system that

*In addition to the studies listed earlier as contributing to this report, a number of
ather explicitly discipline-oriented and solution-oriented groups have begun to examine
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require special attention in studies of global change. Three basic di-
mensions of the human role in global change are discussed: the inter-
actions between human and environmental syswems; the choices that
individuals, governments, and other organizations make in effcrts to
alter or manage those interactions; and the underlying elements of
social structure or culture that shape both interactions and choices.

Within this framework, focus could be sought in a number of
ways. Experience with interdisciplinary studies in general and envi-
ronmental impact assessment in particular argues strongly for the
approach adopted below. This starts with interaction-, attempts to
identify the most important ways in which human and environmental
systems influence one another, and then tries to dctermine which so-
cial structures and processes are most important in explainirg those
interactions.

Interactions

The most basic elements of the interactions between human and
environmental systems are sugges’2d in Figure 1. The figure reflects
the central fact that both the human and the environmental systems
of the earth change in response to their own internal dynamics, to
external perturbations over which neither exerts appreciable control,
and to their interactions with one another. Two forms of interaction
are of central importance for the purposes of this chapter. The first
concerns the sources of environmental change that result from de-
mographic, economic, institutional, technological, agricultural, and
behavioral changes in the human system. The second concerns the
consequences for human well-being that result from climatic, chem-
ical, and biotic ch:nges in the environment system. The temporal
and spatial scales at which important interactions between human
and environmental systems occur require special attention in efforts
to define a focused research agenda on global change.

Sources

In principle, human processes drive global change by altering the
flows of energy and materials among components of the geosphere-
biosphere system (Orians, in press). In practice, the most important
sources of alterations involve the following:

¢ the release of “pollutants” as varied in their effects as DDT,
carbon dioxide, and nuclear radiation;
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* the sequestering or redistribution of other materials and en-
ergy ranging from phosphorus to soil organic matter to running
water;

* the direct transformation of Physical structures (e.g., terrac-
ing), surface properties (e.g., albedo), and habitats (e.g., wetland
drainage);

o the direct removal of species from the biotic system through
harvest, the direct addition of species to the system through trans-
port from other areas (“invasion™), or low- and high-tech versions of
genetic engineering ( “domestication”); and

* interactions among the above.

The human activities that have contributed most inportantly
to these sources of giobal change include agricultural and industrial
production, and energy consumption (Bolin and Cook, 1983; Clark
and Munn, 1986; Turner et al.,, in press). Within these broad cate-
gories, there is a need to identify which specific activities are most
significantly implicated in existing global environmental changes, and
which additional activities might become implicated in the future,

Consequences

Research on the human consequences of environmenta] change
has established that the degree of threat experienced by a society is
a function of four interactjve variables: risk, exposure, vulnerability,
and response (Kasperson and Kasperson, 1988; Kates et al., 1985;
Kotlyakov et al., 1988; Whyte and Burton, 1980).

In terms of the framework presented here, risk is defined in
terms of the actual or estimated changes in selected environmental
variables. One of the clearest lessons of environmental impact studies
is that assessments are ineffective if they seek to develop comprehen-
sive lists of all environmental risks affected by human activity. More
useful have been studies that focus on a modest number of “valued
environmeatal components” (Beanlands and Duinker, 1983). These
are simply attributes of the environment that people choose tc value.
Which components are vayed in any particular situation will devend
on many of the considerations of scale, choice, and culture discussed
below. Scientists, policymakers, and other interests must negotiate
the valued environmental componcnts that merit priority attention
in assessing the risks posed by global change.

Notions of social vulnerability are central to understanding the
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human consequences of global change (Timmerman, 1981). Indi-
viduals and societies can cope with a wide rang= of environmental
changes, but at different costs and within different limjts. Studies
of human response to natural hazards, climaie change, and nuclear
war show that both costs and limits change with time and are mixed
functions of the environment itself plus the underlying demographic,
organizaticnal, and developmental] characteristics of the human sys.
tem as discussed later in this chapter (Burton et al., 1978; Harwel
and Hutchinson, 1985; Parry et al., 1988). Scme tentative general-
izations have begun to emerge. But a general understanding of socjal
vulnerability to environmental variations remains a distant if urgent

Differences in the exposure of various socjal groups and geograph-
ical regions to globally distributed environmental changes severely
complicate both expert and lay assessments of environmental threats.
Recent work on “total exposure assessment” to air pollutants has
shown how misleading broad average exposure estimates can be (e.g.,
Ott, 1985; Smith, in press; Spengler and Soczek, 1984). Concepts
relating to heterogeneities in eXposure and empirical estimates of
such exposures will be central elements in an understanding of the
human dimensions of global change (e.g., Vaupel and Yashin, 1986).

The human choices that constitute societjes response to global
change are reviewed later in this paper.

Scale

As noted earlier, studies of global change neeq to devote par-
ticular attention to interactions that become significant on temporal
scales ranging from decades to centuries and spatial scales ranging
from large regions to the globe as a whole. These are much coarser
scales than those at which most research on human systems has fo-
cused. On the other hand, many aspects of long-term global change
have their Primary sources and consequences at relatively fine scales

explanation across multiple scales therefore becomes 2 central re-

quirement for understanding global change (Risser, 1986; Rosswall
et al., 1988).

A long tradition of attention to space and time dimensions in
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geography, economics, and history has produced a relatively so-
phisticated view of the difficulties involved.® This experience shows
that much confusion and unproductive debate resuits when scholars
working at different te.  oral or spatial scales contrast unlike situ-
ations without recognizing the problems and limits of transference
(Chisholm, 1982). In order to minimize such problems in efforts to
understand the human dimensious of global change, a first require-
ment is the explicit identification of what scales are involved in each
effort to document or explain specific interactions between environ-
mental and social systems. Beyond this, it is important to know
which human processes are likely to interact most strongly with the
environment at the coarse (decadal and regiounal) scales that are cen-
tral to global change. Initial studies suggest that special attention
should be given to global, long-term studies of topics such as the
life cycle dynamics of major industrial processes, fuel substitution
in energy systems, urbanization, labor absorption in the agricultural
sector, and the conditions limiting the extent of major crop zones
(Clark, 1987). Finally, understanding is needed on the ways in which
certain fine-scale phenomena of human systems (e.g., technical in-
novations) cascade “up-scale” to yield consequences significant for
global change.

Choice

A fundamental asymmetry in the interactions between human
and environmental systems does not appear in Figure 1, but is
nonetheless essential to an understanding of global change. For while
the response of environmental systems to human activities is entirely
reactive, the response of human systems to changes in the environ-
ment has both reactive and proactive elements. Human behavior can
respond not only to actual environmental changes that have already
occurred, but also to people’s perceptions and assessments of possible
future changes that they hope to encourage or avoid. This reflexive
or anticipatory potential of human systems raises the prospect of

SEconomists have devoted extensive attention to what Thomas Schelling ( 1978)
has called the connections between “micro motives and macro behavior.” Geographers
have made significant progress in understanding connections between individual human
actions and regional environmental consequences at the level of the landscape (Kotlyakov
et al,, 1988). And historians are increasingly pursuing comparative, transnational ap-
proaches to the study of long-term global interactions between people and their envi-
ronments (Richards, 1986).
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conscious environmental management. It also focuses attention on
the central role that studies of human choice and behavior must play
in efforts to understand global change.

The central position of choice behavior in the interactions be-
tween human and environmental systems is suggested in Figure 2,
which draws heavily on research concerning the human ecology of
natural and technological hazards. Qpe important aspect of that
Tesearch is its treatment of choice behavior as a potential modifier of
both the human sources and the human consequences of environmen-
tal change. Another js jts recognition that virtually all human chojces

Values

Values, in the Presen. context, can be viewed as an indication of
what people think they want from the interactions between human
and environmenta] systems. Research has shown strong associations
between positive valuations of the environment and concrete behav-
iors that sustain environmental systems (Darley and Gilbert, 1985).
Conversely, a strong argument has been made that most human

opment that it provides (Bandura, 1986).
The important roles of human values in the interactions between
people and the environment are rapidly changing, as reflected in

most industrialized countries (Holdgate et al., 1982). At the interna-
tional level, the evolving position of environmental values js reflected
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in successive reports of special U.N. World Commissions. Whereas
commissions formed earlier in this decade had dealt with security cr
development issues in isolation, the Brundtland Commission’s 1987
Our Common Future report emphasized the connections among envi-
ronment, development, and security and stressed the need to pursue
all three objectives in concert (WCED, 1987).

Which values are most relevant to global change? Classic eco-
nomic notions of efficiency are clearly no longer the dominant values
guiding many of today’s decisions that are seen to have an envi-
ronmental component. Increasingly important are values reflecting
alternative conceptualizations of development, a sense of steward-
ship for the planet, and obligations to future generations or other
neglected populations (White, 1988a). How such values are factored
into environmental choices, how they enter government processes,
and how their character and reach vary over time or among cultures,
are central to an understanding of global change.

Options

If values reflect what People want, options reflect what they can
get. Clearly, not everything people value can be obtained; what can
be obtained may often be reached via alternative paths. Moreover,
the value and option dimensions of choice are related. Research on
policymaking has shown that people generaily decide what they war*
only in light of what they think they can get (March and Olsen, 1976;
Wildavsky, 1979). Reciprocally, what they can get at any given time
often reflects options developed in Tesponse to previously unobtain-
able desires.® Not surprisingly, one of the greatest contributions that
formal analysis actually makes to practical policymaking is through
enlarging the range of options available for choice (Schelling, 1983).

The options involved in human choices concerning global change

SA relevant but neglected body of work on the mechanisins of this process has
accumulated under the rubric of “induced innovation" studies. For overvicws, see Bin-
swanger and Ruttan (1978), Ruttan (1984), and Runge (1988),
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range from selective harvest versus clear-cutting for forest manage-
ment, to fossil versus nuclear sources of electrical energy. Organi-
zalional or institutional options range from basic modes of social
structure, through alternative regulatory arrangements, to various
legal structures. Examples include market vs. control economies,
pollution permits versus effluent taxes, and international versus re-
gional treaties and conventions. Finally, a focus on ecenomic options
emphasizes the fundamental requirement that societies be able to af-
ford choices undertaken in pursuit of their values. While maximizing
efficiency may not always be an appropriate criterion for choice, even
the most ardent conservationists are coming to realize that environ-
mentally sustainable development must be economically sustainable
as well (Madden, 1987; WCED, 1987).

Better understanding of global change requires a broad view of
the range of options available for choice, and knowledge of the likely
efficacy of alternative options for managing the long-term, large-scale
interactions between human and environmental systems.

Perceptions

Finally, choices are based on neople’s perceptions and assess-
ments of how the world system works, how and why it is changing,
how its changes are connected to things they value, and how choices
among options for action can alter those connections.

In contexts as complex as global change, perceptions and assess-
ments will inevitably differ from reality for reasons of fundamental
ignorance or uncertainty—i.e., the actual causes and effects of change
are not understood by anyone. Such fundamental inaccuracies in-
crease as ona moves along the chain of causation from outcomes
cast in terms of altered material and energy flows in the physical
environment, to ecosystem-level impacts of such alterations, to con-
sequences for individuals and entire social systems (Schneider, 1983).
These difficulties are only partially overcome by the wide array of
formal assessment methods that have been developed over the last
two decades.”

7Exampleu include technology assessment (Shrader-Frechette, 1985), environmen-
tal impact assessment (e.g., Bisset, 1987; Munn, 1979), risk assessment (e.g., Covello et
al., 1985; Whyte and Burton, 1980), and efforts to provide more comprehensive social
impact assessments (e.g., Kates et al., 1985; Leistritz and Ekstrom, 1986; McAllister,
1982).
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Inadequate education and poor communication of expert assess-
ments limit the accuracy of perceptions on which choices are based.
But experience suggests a wide range of other potentially limiting
factors that are characteristic of the choosers themselves rather than
the experts. These may include the proximity of an individual to
environmental damage; exposure to mass media, education, variety
of life experience, age, cultural and organizational context, and a
number of other issues (Douglas and Wildavsky, 1982; Tang and
Jacobson, 1988). Explaining and predicting interactions between hu-
man and environmental systems require understanding of different
peoples’ perceptions of global change and their roles in it, the factors
that cause variation or distortion in those perceptions, and the steps
that can be taken to make formal assessments more accurate and
useful.

Ty

Culture

Human interactions with the global environment, as well as hu- f
man choices regarding environmental management, are ultimately
grounded in a wealth of underlying social factors and Listorical con-
texts that might be called “culture.” Patterns of global environmen-
tal change can be described without reference to cultural factors.
But because of the integral role of human systems in the dynamics
of global change, some understanding of why societies function as
they do will be required for explaining and predicting interactions
between people and their environments.

A long-standing debate exists on the relative importance of var-
L ious cultural factors as causes of environmental change and as de-
terminants of the consequences that such changes have for people
(e.g., Garcia, 1981). That debate is sure to intensify with increased
attention to the problems of global change. In fact, however, the
practical difficulty is not to imagine ways in which cultural variation
might influence global change. Rather, it is to bound the consider-
ation of contributing cultural factors in a way that leads to efficient
cxplanations, and thus keeps research on the humar. component of
global change from becoming synonymous with research on social
systems in general.® It thus seems prudent to focus initial global
change studies on the dimensions of culture that existing scholarship

8An analogous case was successfully argued early in the evolution of the natural sci-
ence components of the IGBP. As a result, the natural science component of IGBP does
not involi < most environmental science, but rather focuses on the small but important
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indicates are almost certainly central to the long-term, large-scale
interactions of human and environmental systems. These include
the structure, distribution, and growth of human populations, the
modes of social, political, and economic organization adopted by
those populations, and the resulting state of agricultural, industrial,
and general economic development. (The cultural dimensions of en-
vironmental values and attitudes are also sure to be important, as
noted earlier.)

Population®

Population characteristics are clearly among the most funda-
Tental human dimensions of global change, with direct implications
for resource use, waste production, and social vulnerability (Repetto,
1987). Despite continuing declines in fertility rates throughout much
of the world, the human population of the earth is almost certain
to more than double within the next century. Migration-induced
changes in the distribution of population are even more dramatic
than population growch per se. Fifty years ago, less than one quarter
of the world’s population lived in urban areas; fifty years from now,
more than half will (United Nations, 1985a,b). Moreover, trends
toward very large cities will almost certainly entail nonlinear impli-
cations for human inieractions with the environment (Baochang et
al., in press). Despite years of discussion on the interactions of popu-
lation, resources, and environment, however, there is still only limited
understanding of how "“e elements of long-term, large-scale human
population dynamics (e.g., fertility, migration, age distribution, and
life expectancy) affect either sources of environmental change or the
implications of those changes for people.10

Organization

A second set of underlying human dimensions of global change
can be grouped under the heading of social institutions or organi-
zations. In the broadly defined sense employed here, “organization”

subset of science necessary to explain certain long-term, global, interactive environmen-
tal changes.

9This section draws heavily on the report of the U.S.-China Workshop on the Hu-
man Dimensions of Global Change (Tang and Hacobscn, 1988).

')S-‘e, for example, the materials ot the Population, Resources and Environment

Program (PREP) of the American Association for the Advancement of Science (AAAS).
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includes such forms of human interaction as the family, markets,
corporations, command and regulatory aspects of government, vol-
untary associations, religious structures, laws, education, the media,
and variety of international arrangements. The mix and strength
of such mechanisms clearly vary around the world, and it would be
surprising indeed if this variation did not have implications for the
interactions between people and their environments. We know little
about the environmental implications of the different organizational
means of seeking human well-being. We do not know much more
about what determines the efficacy of alternative organizational ap-
proaches to incorporating environmental considerations in the social
calculus (Tang and Jacobson, 1988). Clearly, the nation state is
one cf the most important organizational structures involved in de-
termining the interaction of human and environmental systems. But
underlying structures determinir local property rights and access to
resources also have a substantial impact on what people actually do
to their environments, and should not be overlooked (Hagerstrand,
1988).

Perhaps the most significant organizational trend for studies of
global change is the worldwide growth in the reach and power of
human institutions that has been gathering momentum over the last
several hundred years, and seems likely to accelerate into the fu-
ture. Most organizational forms, over most of their history, have
been preoccupied with more or less immediate goals of physical, eco-
nomic, and spiritual security. It is only relatively recently that a few
organizational structures have emerged with self-professed goals of
environmental protection and environmentally sustainable develop-
ment (Richards, 1986). Especially needed is a deeper understanding
of those emerging organizations with global reach and those capable
of forcing particularly rapid change in human interactions with the
environment.

Development

As iinportant as population growth, structure, and distribution
may be, they represent only the ultimate foundations on which rest
the human activities that are the proximate sources and receivers of
global change. Trends in resource use per capita must be considered
along with trends in population density per se if we are to under-
stand variations in total pressures on the environment exerted by
different societies around the world (Clark, 1986; Goldemberg et al.,
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1987). Similarly, the character of a region’s resource use, productive
activities, and trade relations is an important determinant of its vul-
nerabi'ity to environmental change (Burton et al., 1978; Chisholm,
1982; Parry et al., 1988). In general, efforts to understand the under-
lying cultural dimensions of global environmental change must also
look to long-term, large-scale changes in how people produce and
consume goods and services. Industrial and agricultural processes
have for centuries been the human activities with the greatest conse-
quences for environmental change. In the latter part of the present
century, energy-related activities have also become important devel-
opmental dimensions of global change (Clark, 1986; Turner et 7.,
in press). For example, prior to 1950 the majority of carbon diox-
ide released to the atmosphere though human activities came from
biomass burning. Since that time tbe majority has come from fossil
fuel combustion (Bolin, 1986). Consumptive end use processes are
also increasingly evident as major agents of global change (Ayres and
Rod, 1986).

Two basic issues arise in efforts to understand the past and future
role of major development trends in global change. The first concerns
the concept of “sustainability,” defined by the Brundtland Commis-
sion as the capacity to provide for the needs of the present with-
out diminishing the options of future generations (WCED, 1987).1!
Despite the importance and popularity of the sustainability theme,
there is still little understanding of just what constitutes a sustain-
able, as opposed to an unsustainable, development path. Needed are
not only more careful case histories of how environmental change has
influenced development, but also a framework of concepts and causal
hypotheses for use in synthesizing and ger eralizing the cases.!?

A second and related developmental dimension of global change
concerns alternative paths or models of development per se. What
feasible and desirable paths would reflect a more balanced view of
physical, economic, and environmental well-being or security than
has traditionally been the case? What international processes would
best catalyze and legitimize the search for such alternatives? What
suite of development indicators would eliminate the worst imbalances
and biases of current measures, and provide more meaningful and

UFor a review of alternative definitions and their problems, see B. J. Brown et al.
(1987).

1250me of the issues, initiatives, and difficulties are set forth in Clark and Munn
(1986), Jacobs and Monroe (1987), and Liverman et al. (1988).
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useful documentation of progress loward the sustainable development
of the earth?!3

UNRESOLVED QUESTIONS

The previous section identified the human elements involved in
long-term, large-scale interactions with the environment. This sec-
tion outlines some of the most ‘mportant questions regarding those
interacting elements that need to be resolved in order to better
explain, predict, and manage global change. In preparing this dis-
cussion, an effort has been made to summarize and critically evaluate
the main conclusions of the numezous recent workshops, symposia,
and writings on the human dimensions of global change that were
noted at the beginning of this paper. The results are presented below
under three related headings: human sources, human consequences,
and human management of global change.

Human Sources of Global Change

An early target of research on global change should be docu-
mentation and understanding of the most important ways in which
human processes drive or force changes in the environmental system.
Experience with study of the greenhouse problem and stratospheric
ozone depletion shows that accurate histories of emissions resulting

from human processes are necessary to differentiate among com-

emissions resulting from human processes cai seriously misdirect the
attention of the research community. Finally, more informed social
choices regarding environmental management require better under-
standing of not only how, but also why, the human forcing of global
change varies with time, space, and culture. Such understanding
will require better answers to the three related groups of questions
discussed below.

137, problem of developing more useful indicators of sustainable development
is beginning to be addressed in 2 number of efforts. For a sample of current work,
see Liverman et al. (1988), IIED/WRI (1987), and Daly (1888). The long and not
altogether happy history of work on social indicators is relevant to this effort. For a
broad perspective sn the socizl indicators work, see SSRC (1983) and Ferriss (1988).
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Identifying Human Activities That Drive Global Change

Which anthropogenic alterations to material and energy flows
within the geosphere-biosphere system play significant roles in forcing
global change? Which human processes are significant sources of such
alterations? How do answers to these questions vary across space,
time, and culture?

The first requirement is for a more systematic identification of
which human-induced changes in energy and chemical flows, water
use, habitat extent, or other variables constitute the most significant
“inputs” to climatic, biogeochemical, or biotic dynamics. For a few
aspects of global change like the greenhouse effect or stratospheric
ozone depletion, this preliminary identification of “input” linkages
between the human and other ccmponents of global change is rela-
tively well in hand: research can confidently focus on a specific list
of radiatively active trace gases and halocarbons. For most other
aspects of global change, however, much basic research on human
forcing of nteractions with the environment needs to be done.

Figure 3 gives a simple conceptual framework for the process
of explicitly and systematically identifying the important linkages
among components of the geosphere-biosphere system. The entries
in the “human compo.ient” cell of the figure are drawn from NASA’s
Earth System Science Committee report Earth System Scienc>: A
Closer “iew, oue f the most recent and most systematic efforis to
set priorities for linkage information.!¥ Those entries are nonetheless
preliminary and incomplete, reflecting only partial reviews of the
knowledge about human activities that researchers working on the
natural components of global change believe they need in order to
test their models and make predictions. Moreover, to be maximally
useful, such priority lists of potential anthropogenic forcing functions
must also specify the scale, resolutica, and accuracy required of the
input data if they are to be useful in advancing overall understanding
of global change. Needed as well is information on the threshold rates
or quantities above which specified anthropogenic inputs, althovgh
not now of great concern, would become potentially important agents
of global change.

Despite these demanding requirements, however, the kind of per-
spective suggested in Figure 3 needs to be developed systematically

4Earth System Science Committee (1988): Figure 2.4.2. Note that an earlier and
more detailed effort, though restricted to a single component of the geosphere-hivsphere
system, is available in the NRC (1984) report Global Tropospheric Chernistry.
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as a uscful first step in setting priority targets for studies on the
cnergy flows, chemicals, habitats, water flows, physical properties,
and biological entities that constitute the most important links be-
tween human activities and rest of the geosphere-biosphere system.
Initial efforts will doubtless guess wrongly on some of the important
connections. But only by making such guesses explicit, and testing
whether models incorporating them in fact have predictive value, can
cumulative progress in the understanding of global change per se be
expected.

Once a priority list of linkage variables has been defined, there
remains the question of wkich specific human activities are capable
of changing the fluxes of those variables. Even in relatively simple
cases, this analysis is not trivial (e.g., Wuebbles and Edmonds, 1988).
Establishing the required knowledge base will require close collabora-
tion between scientists studying the relevant nonhuman components
of global change and specialists in the workings of relevant techrolo-
gies and land use practices (especially chemical, water, mechanical,
and agricultural engineers). Figure 4, drawn from one such col-
laborative effort, suggests the wide range of human processes that
force changes in just a few of the chemical species of importance to
global change. Again, the further development of such frameworks
of interactions is a crucial early step in research to understand the
interactions between human and environmental components of global
change.

Input-Output Relationships in Human Activities

How much alteration of the relevant material or energy flows is
created per unit of human source activity? How do these “intensive”
relationships between human processes and material and energy flows
vary across space, time, and culture?

Answering these questions will require basic quantitative pro-
cess studies on the transformation of human activity “inputs” such
as coke production or rice paddy cultivation into “outputs” such as
methane flux to the atmosphere. Engineering expertise will again be
essential to the task. Typical of the most complete work on individ-
ual inputs and outputs is the work on quantities of carbon dioxide
produced per unit energy derived from various fossil fuels (Marland
and Rotty, 1983). Even in the carbon dioxide case, however, com-
parable input/output (I/O) coefficients for various types of land use
conversion activities are still underdeveloped.
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EMISSION ENVIRONMENTAL COMPONENT
SOURCE o NOx SOx HCI SeaSat CH4 CO W20
PRODUCTION,DISTRIBUTION OF
MINERAL FUELS

Coal

Oil

Natural Gas

XX >

~OMBUSTION OF MINERAL FUELS
Coal X X X X X
Qi X X X X
Gasoline X
Other X
Natural Gas X X X X

INDUSTRIAL PROCESSES
Coke Production X
Pig lron Production X
Smelting of
Copper
Lead
Zinc

X X

AGRICULTURAL
Biomass Combustion X X X
Nitrogen Fertitizers X
Rice Paddy Cultivation X
Ruminant Animal Grazing X

> >

MISCELLANEOQUS
Industrial uses. refrig-
erants, consumer products
Landfills X
Oceans X
Wellands X

FIGURE 4 Human processes that force changes in selected chemical constituents
of the atmospheric environment. These illustrative data are drawn from a study by
Darmstadter et al. (1987, Vol. 2: B3).

The relative simplicity of the I/O structure for the case of carbon
dioxide emissions is potentially misleading as a guide to rescarch
requirements in this complex area. In the more general situation
suggested in Figure 4, a given pollutant flow will be altered through
sevcral human activities. Complex sequences of reaction, deposition,
and remobilization may be involved within the human system en
route to a final measured “output” into the environment. At each
stage, process understanding is usually imperfect, as is monitoring
data for estimating fluxes and pools. An important methodological
advance in dealing with such complexities in 1/O assessments has
therefore been “materials/energy balance accounting” (Ayres, 1978).
This approach takes advantage of conservation principles to balance
amounts of energy and materials drawn into the human system with
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amounts exported or stored at any given time. It focuses attention
on the fact that all energy and materials used in human development
have to go somewhere, even when monitoring data fail to find them.
It has helped in the “discovery” of unsuspected pollutant sources
in seemingly innocuous or irrelevant human aciivities (Ayres and
Rod, 1986). More systematic use of balance accounting would almost
certainly be useful in future efforts to answer questions concerning the
I1/0 relations between human and other components of the geosphere-
biosphere system.

An especially difficult but necessary aspect of I/O studies will be
their historical dimension. Long-term changes in the completeness of
comvustion or depth of plowing may be more important for certain
erivironmental emissions than changes in the total amount of combus-
tion or extent of arable land. Ignoring historical changes in the I/O
relations can lead to serious errors in understanding the human role
in global change. For example, the uncritical use of contemporary
emission coefficients for assessment of historical carbon monoxide
emissions in the United States has almost certainly resulted in cu-
mulative estimates that are significantly too low (Darmstadter et al.,
1987: App. A:26). Table 1 shows the kinds of results that careful
collaborative research can produce. Much more research is needed,
however, to produce comprehensive assessments of the I/O coeffi-
cients required to characterize the full set of interactions suggested
above.

The Changing Magnitude of Human Forcing

What are the total amounts or strengths of the relevant human
source activities? How do these “extensive” measures of the human
dimension of global chauge vary across space, time, and culture?
Ultimately, the need is for something approaching a theory of world
development, cast in terms appropriate to produce relevant human
forcing functions needed for the understanding of global environmen-
tal change. The underlying research questions were summarized in a
recent Socia' Science Research Council (SSRC) meeting on changes
in the global environment:

What are the persistent, broad-scale social structures and pro-
cesses that underlie these changes? In particular, what are the
relative roles of the amount and concentration of human popula-
tion, the character and use of technology, the changing relation
between places of production and consumption, and the “reach”
and power of state and other institutional structures? How does

T S T mem*mw“mm
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TABLE 1 Reconstruction of Historical Methane Emineion Coefficien:., Reflecting
Changes in Human Economy and Technology

Methane Emissions Coefficients (metric tons CH4/metric
ton of fuel)

1800 1860 1890 1920 1950 1980

Anthracite - 0.005 0006 0.007 0.007 0.007
Appalachian bituminous

(underground) 0.005 0.005 0005 0.005 0.005 0.005
U.S. Average bituminous - - 0005 0005 0.005 0.005

Coking (based on coal

used for coking) - - 0.27 0.054 0.03
Gas (based on unaccounted

potential production of

associated gas) - .30 .25 22 .20
Gas distribution
(based on gas
marketed) - - .03 -0.02 0.01 0.01

NOTE: This example is drawn from the study by Darmstadter ct al. (1987, Vol.
2: A83) on the impact of world development on the atmosphere. The listed coefficients
are expressed as tons of CHg/ton of fuel. Dashes reflect missing data.

the relative importance of these roles for environmental change
vary across cultures, and through history? (Social Science Re-
search Council, 1988)

Among the earliest efforts to address such questions at the global
scale were the various world systems modeling efforts of the 1970s
(e.g., CEQ, 1980; Meadows et al., 1972). The shortcomings of these
efforts are well known and can be traced to weaknesses in data,
methodology, and conceptual foundations (Brewer, 1986; Green-
berger et al., 1983; Meadows and Robinson, 1985; Office of Technol-
ogy Assessment, 1982). A number of more modest efforts, focused
on particular sectors of the human system, have since been carried
out. Several of these, specifically in the fields of population, agricul-
ture, furestry, and energy modeling, are relevant to studies of global
change.!® As pointed out in a recent review by the International

lsReprencntMivc of the best work is United Nations (1985b) on population, U.N.
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Institute for Applied Systems .analysis, however, the assumptions
underlying the best of these sectoral studies are often contradictory
in ways that can only partially be resolved through subsequent re-
analysis (Toth et al., 1988). No credible integrated and dynamic
model yet exists of long-term global changes in human activities that
force environmental change. Prospects for such a model, while still
distant, are nonetheless improving and need to be pursued as part
of a research program on global change. As regards data, many of
the most important contemporary human releases of materials and
energy relevant to global change are monitored through national and
international environmental networks. A careful review is needed,
however, of the adequacy of this contemporary monitoring for the
specific purposes of global change research. On the methodologi-
cal side, another recent SSRC study has illustrated how much the
social and natural scienccs can learn from each other as they strug-
gle with their parallel problems of r-odeling and predicting global
change (Land and Schneider, 1987). Finally, initial attempts to pro-
vide conceptual foundations for long-term global studies of human
development can be seen in historians’ debates on “the modern world
system” and investigations of “long-wave” phenomena in economic
life (Braudel, 1984; Vasko, 1987; Wallerstein, 1974). Although most
of this work has ignored environmental and resource dimensions of
the world system, some impressive recent efforts of geographers and
historians are beginning to formulate a theory of global human ecol-
ogy as such (Chisholm, 1982; Richards, 1986; Turner et al., in press).
This work needs to be pursued in close collaboration with other
global change studies if we are to better understand the changing
magnitude of human forcing activities.

Human Consequences of Giobal Change

The complex processes involved in human responses to global
change were outlined above in the section on principal elements. As
summarized by the 1987 Ann Arbor Workshop on an “International
Social Scienc. Research Program on Global Change”:

Human beings can respond to global change in a variety of ways,
ranging from accepting change and adapting to it, to attempting

Food and Agriculture Organization (1981) for agriculture, Kallio et al. (1987) for forestry,
and Edmonds and Reilly (1985) and Nordhaus and Hohe (1983} for energy. An overview
of other global sectoral forecasts relevant to global change is given in Toth et al. (1988).
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to limit change by modifying their behavior. The human response
depends first on cognitive processes, on perceiving change and its
consequences, and then on the possibilities that human beings
see for affecting change and the values that they hold. (Jacobson
and Shanks, 1987:21)

Formal assessments of global change and its consequences aim
to help make human perceptions more useful and effectjve guides to
action. Research to improve assessments is therefore central to an
improved understanding of the interactions between human and en-
vironmental systems. Summarized below are the principal questions
regarding assessment tkat should be addressed in the early stages
of a research program on the human dimensions of global change.
Questions relating to management or the “possibilities for affect-
ing change” referred to above are dealt with in a later section on
management.

Determining the Environmental Dimensions
of Human Vulnerability

As noted earlier, notions of social vulnerability are central to
advancing the understanding of human responses to global change.
A basic research task is thus to identify what kinds of change, and
what rates of change, are those to which pecple in different cultural
settings are most vulnerable. More precisely, what information con-
cerning the character, timing, and location of possible changes in the
earth’s biogeochemical, climatic, hydrologic, and biotic processes is
needed as inputs to studies attempting to understand and expand
the boundaries of sustainable development?16

The conceptual framework required for addressing this question
is thus the same as that introduced earliar in Figure 3. In this case,
however, knowledge of the human system’s sensitivities rather than
the environmental system’s sensitivities raust provide the point of
departure. Without explicit guidance from scholars of human de-
velopment regarding the kind, scale, and resolution of information
needed to assess important aspects of social vulnerability to environ-
mental change, natural scientists cannot be expected to focus on the

few aspects of change that are most important to people (Chen and
Parry, 1988).

16 strong case for such management-driven definitions of data needs is made for
the case of studies on climate warming in Jaeger (1988).
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How might scholars of human response best advance their task
of articulating priority needs for specific kinds of information about
global environmental change? Useful approaches are suggested by
existing work in the study of natural hazards, climate change, and
the environmental effects of nuclear war (Burton et al., 1978; Harwell
and Hutchinson, 1985; Kates et al., 1985). A particularly instruc-
tive approach has been applied by Dr. Martin Parry to address the
response of sensitive agricultural systems to climatic variation and
change (Parry et al., 1988). This begins by focusing on agricultural
regions that are on the margin of economic viability with respect to
temperature or moisture conditions. Rather than asking how these
systems would respond to climate change in general, it then analyzes
the social, economic, and agronomic characteristics of each region to
assess the limits of climate change beyond which significant disrup-
tion or displacement of agricultural activity would be expected to
occur. The challenge is then thrown back to the climatologists to
estimate whether, and when, changes of such magnitude might be
expected due to natural vasiability or anthropogenic forcing.

Efferts are now needed to move beyond climatic considerations
in asking what kinds of environmental change are most important
for people. An excellent foundation for this task is provided by the
recently published proceedings of the Dahlem Conference on World
Resources and Development (McLaren and Skinner, 1987). This
mammoth work brings together some of the best social and nat-
ural science thinking on specific interactions among environmental
change, resource availability, and sustainable development. It could
be profitably tapped in an early effort to identify the specific aspects
of global environmental change to which various societies, sectors,
and populations are most vulnerable.

Assessing Syndromes of Environmental Transformation

Multidimensional “syndromes” of environmental transformation
are a central feature of global change (Regier and Baskerville, 1986).
For example, the sustainability of forest resource use in some re-
gions is simnltaneously threatened by changes in land allocation, cli-
mate, and atmospheric chemistry. The resulting syndrome of forest
resource degradation is the environmental change that must ulti-
mately be explained and the policy problem that must ultimately
be addressed. Other syndromes of environmental change, such as
those associated with development of the rich and diverse farming
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landscapes of Normandy, can be viewed as positive transformations.
In general, however, assessinents must move beyond problem-by-
problem formulations to provide a synoptic or intcgrated account of
the overall environmental changes and consequences that result from
specific patterns or strategies of human development.

To date, however, most of the relatively few assessments that
have addressed large-scale environmental changes have dealt with
the re'ationships between single environmental components, e.g., acid
deposition, and single development sectors, e.g., forestry. Even the
most ambitious works, for example, the National Research Council’s
and the Organization for Economic Cooperation and Development’s
programs on environmental impacts of energy production, or the
Scientific Committee on Problems of the Environment’s program
on climate impact assessment, have dealt only with the impacts of
change in a single valued ervironmental component across a range of
human activities, or the impacts of a single human activity across a
range of valued environmental components (Brooks and Hollander,
1979; Kates et al., 1985; Torrens, 1984). The assessment of multiple
threats or, more generally, change syndromes per se nas been largely
ignored.

One notable exception to this situation is provided by the exper-
iments in syndrome assessment conducted in recent years by Thomas
Graedel of AT&T-" .1l Laboratories and Paul Crutzen of the Max-
Planck Institute (Crutzen and Graedel, 1986; Darmstadter et al.,
1987). A sample of their work, dealing with valued components
of the atmospheric environment, is reproduced in Figure 5. The
relative simplicity of the figure should not be allowed to disguise
either the tremendous amount of research necessary to provide the
findings it portrays, nor the incomplete nature of the results ob-
tained. Shortcomings of current results, as pointed out by the au-
thors, include questions of scope, the failure to include assessment
of impacts on people as well as environment per se, and difficul-
ties of making explicit the subjective judgments that such synoptic
work inevitably entails. But it would be hard to overestimate the
importance of continuing experiments to produce, in readily commu-
nicable forms, synoptic and dynamic assessments of our inevitably
incomplete knowledge about the syndromes of global environmental
change.

. ‘m . " C . N L
TV
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Linking Spatial Scales in Assessments of Global Change

A central question that needs to be answered for better assess-
ments is how to link global change to local conditions at intermediate
or regional scales. Much of what is interesting or worrisome in global
change seems to consist of people in one set of places taking ac-
tions that have their major consequences for other people in other
places.!” Much of sustainability relates to importing needs or export-
ing wastes from one place to another. Finally, the values, options,
and perceptions central to human choices regarding global change
differ widely from place to place on earth. The uniqueness of and
interactions among places are thus central to the human meaning of
global change and to the prospects for managing sustainable develop-
ment. Yet they are poorly captured (if addressed at all) by current
assessment practices. Only the barest outlines of an approach to
improve this situation have been sketched (Chisholm, 1980; Clark,
1987). At least two related research tasks nonetheless merit early
attention.

Mapping Vulnerabilities. Work in the assessment of climate impacts
has demonstrated the utility of focusing on places and peoples that
are especially vulnerable or sensitive to specific kinds of climatic
change and variation (Parry, 1985). The search for regions and
social groups that are especially vulnerable to global change should
now be extended to include consideration of other environmental
components. For example, we could and should know more than
we do about which human societies would be most seriously at risk
under scenarios of continued depletion of stra‘ospheric ozone.

Even more important, and even more difficult, is the task of iden-
tifying places and peoples that are likely to be particularly vulnerable
to the “syndromes” of multiple environmental changes discussed ear-
lier. Boundaries of the geographic regions or social groupings most
threatened by each individual component of environmental change
will in general not be entirely congruent. It will therefore be nec-
essary to search for situations where especially worrisome changes
in several valued environmental components overlap at particular
locations. The concepts and tools of geographic information systems

17 As Yohn Firor (National Center for Atmospheric Research) put it in commenting
on an earlier version of this draft: “How do we deal with the possibility that burning fuel
in Japan may flood Bangladesh, or cutting trees in Brazil may impact forest migrations
in Kentucky?" (Letter to William Clark, April 15, 1988).
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seem especially well suiiad to the required mapping task. A useful
guide to what will be required of research on this topic is provided by
contemporary efforts to map areas with a high risk of forest mortal-
ity under multiple strcsses of acid deposition, tropospheric oxidants,
drought, and other factors (UNECE, 1983). More broadly, efforts
should be undertaken to examine previous episodes of rapid regional
environmental change to identify the determinants of vulnerability.

Global Linkages in the Assessment of Social Vulnerability. While a
regional focus for assessments will be essential to understanding the
human meaning of global change, it is equally essential that the global
linkages among regions not be ignored. It was recognized some time
ago, for example, that the social significance of a prolonged drought
in the North American grain belt would depend strongly on what
was happening to the weather in other major grain growing regions
of the world. Nonetheless, most contemporary assessments of global
climate change still manage only to tally consequences for a selecciog
of regions considered independently, as though they were on different
planets.!® Related shortcomings characterizo the country-by-country
approach to recent assessments of forest damage in Europe (Nilsson
and Duinker, 1987).

Conceptual and methodological improvements in approaches to
assessing the hum-n implications of linkages among regional conse-
quences of global change are badly needed. Thoy will require close
collaboration between natural scientists concerned with global p -
terns of environmental change (e.g., the “teleconnections” of clima-
tology) and social scientists concerned with the economic, political,
and other human processes around the world. Preliminary studies
seeking to address the linkage issue suggest that global models of re-
source and commodity trade are likely to be a necessary component
of such assessments (e.g., Binkley, 1988; Wiiliams et al., 1988). Sub-
stantial use of explicit scenarios of environmental change and human
development will also be required (Brewer, 1986).

Incorporating Values in Assessments of Global Change

The values that figure so prominently in the determination of

185 ewart and Glantz (1985) have pointed out this difficulty in the ostensibly slobal
climate impact assessment by the National Defense University. The problem persists
even in the most recent work, however—e.g., the Villach/Bellagio review of policies for
dealing with climatic change (Jacger, 1988),
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human choice are not adequately reflected in most envircamental
assessments. The special problems raised by global environmen-
tal change—among them multizeneration time horizons, multination
spatial scales, and ihe prospect of irteversibilily—increase both the
difficulties and the importance of doing better. Research in environ-
mental economics has made <ome progress in addressing the value
issuer that arise in the treatmen: of externalities and the valuation
of noumarket goods. The field has nonetheless found it extrermely
difficult to provide a valanced treatment of values other than effi-
ciency in its assessment calculus (Kneese and Schulze, 1985). Other
disciplines, including those concerned with legal and ethical issues,
have begun to address some of the key issues of equity and multi-
gencrational tradeoffs in a global c:ange context (e.g., Brown-Weiss,
1,84, 1988). Progress has nonetheless bee: slow. A concerted, mul-
tidisciplinary attack on these questions should be gi*en high priority
in research on the human dimensions of global change. At ieast 1o
other issues, however, merit equally serious attention.

Valued Environmental Components. As noted earlier, experience in
environmental impact assessment emphasizes the importance of fo-
cusing assessmen's on a relatively few “valued environmental compo-
nents” like summer soil mwisture or tropical species diversity (Bean-
lands and Duinker, 1983). The list of compunents is always subject to
revision, but efforts to inciude everythin simply devalue everything.
Scientists have an important input to make to the selection of valued
environmental components for research programs on global change,
but so do the policymakers who will be asked to use the results and
the public who will be asked to pay the bills. Procedures need to
be desigied that will help different groups affected by global change
to identify and articulate the components they value most. Special
attention is needed on how to give fair consideration to the values
of traditicaally underrepresented groups—the poor, the uneducatec,
the unborn. Also needed are fora and negotiating processes that can
promote agreem~nt among groups on the core valued environmen-
tal components to be addressed in mutually supported programs of
global change research. A variety of worlshop methods have evolved
over the last decade to facilitate such negotiations for sraull-scale en-
vironmental problems. But thesc approaches must siill be evaluated
and adapted to the context of long-term, global interac.ions between
human and enviroamen.al systems {Sonntag, 1986).
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Attitudes Toward Risk and Uncertainty.  People’s inevitably incom-
plete understanding of global change means that all assessments are
Lound to be riddled with uncertaiuties. This raises a number of
important value-related question: that should be addressed in re-
search programs on the human dimensions of global change. For
example, studies of human attitudes toward risk have shown that
different individuals or organizations confronting the same objec-
tive uncertainties will place significantly different values on actjons
to remove the unr~rtainty or avoid jts possible consequences. Put
oversimply, some people will be more risk averse than others; these
differences will have significant impiications for the chojces societies
make when confronted with environmental threats (Fischloff et al.,
1981; Kleindorfer and Kunreuther, 1186). Moreover, we know that
the form in which risks are communicated to people can make a
tremendous difference in their resulting behavicr. Most research,
nowever, has focused on perceptions of environmental risks very dif-
ferent from those posec by global charze. We know very little, for
example. about how people evajuate highly uncertain predictions of
high-consequence, large-scale, relatively irreversiLie events.!9 Better
understanding is needed of how such values can be measured, how
they vary with space and time, and how they can be incorporated
in assessments of global change. The implicatiors of ways in which
such assessments are comirvnicated through technical and mass me-
dia also need study. Even rmore fundamentally, it vill be important
to follow up the leads of anthropolog. ! research that suggest hiow
custural factors shape the ways in which people arnd organizations
value uncertain environmental risks (Douglas, 1966, 1986: Douglas
and Wildavsky, 1982).

Human Management of Global Change

A major challenge of coming decades is to 'earn how long-term,
broad-scale interactions between human activities and the earth’s en-
vironment can be Managed to increase the prospects for surtainable
improvements in people’s well-being, Management 1s not the same
as prediction or cven understanding. The distinction is an important
one. for management can be improved despite the €Normous uncer-
tainties .nd downright ignorance that will cortinue to make detailed

19 gor some initial findings in a rigorous comparative Perspective, see Kates et al,
(198%).

o
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predictions illusory. A central question is whether we are in fact im-
proving cur management of environmental change, and, if so, which
forms of social action are most effective in what situations (White,
1988a). Improvements in the management of global change can be
defined in terms of their ability to increase social choice ar.d decrease
vulnerability in the face of uncertain futures of both environmental
change and human objectives.?0

Which management options should be adopted in the face of
global change is a matter for resolution through the policy process.
But increasing the range of management options, and characterizing
their likely performance, should be a central focus for invention,
imagination, and research applied to the human component of global
change. The basic research challenge was set forth by the Ann Arbor
workshop on an International Social Science Research Program on
Global Change as follows:

Human societies have at least some capacity to act on percep-
tions, to diminish the rate or even alter the course cf their
environmentally destructive activities. Too little is known, how-
ever, about the actua! strength and limits of these adaptive
capacities. Perception is one thing, changing entrenched pat-
terns of need-gratifying behavior is quite another. It seems both
possible and essential, therefore, to encourage intensive study
of the response mechanisms that may mitigate, or fail to -nit-
igate, environmentally threatening human activities. (Jacobson
and Shanks, 1987:26ff)

In the broad sense used here, efforts to manage global change
involve changes in technologies, institutions, or behavior of individu-
als. No serious effort has yet assessed the relative efficacy of efforts to
employ these three mechanisms for managing environmental change.
Such an examination is especiallv important for a global change pro-
gram because of the rapid increases in scale of the environmental
transformations that must be managed. It is not clear that there
is much precedent for deaiing with the long-terni, bread-scale issues
that are increasingly at the forefront of concern.™

20The preceding paragraph is a paraphrase from the planning docuiments of the
International Institute of Applied Systems Analysis's biosphere program as published in
Clark (1986).

Ipartial exceptions worth examining fcr what they have to say about contemporary
conc.rr's for global change are the limited test ban treaty for nuclear weapons, the law of
the sea, and the international ozone protocol. For perspective, see McLaren and Skinner
(1987) < 4 Kay and Jacobson (1983).
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Technology and the Management of Global Change

Saths e

Technical change is rapidly accelerating, mostly in pursuit of ob-
Jectives that have little direct connectjon with environment. On the
1 scale of years, technological innovations can be expected to make only
a limited difference in the management of global change.?? On a scale
of decades, however, the consequences—intended and incidental—of
technological change for environmental change can be tremendous.
Work on life-cycle dynamics of major technical processes suggests
that 20 to 40 years is sufficient for oil to displace coal as a world
energy source, for the steel industry to shift from open bearth to
electric arc processing, or for world turpentine production to shift
from biotic to chemical feedstocks (Clark, 1987). Each of these de-
velopments, and many others like them, have had major implications
for envircnmental change, though few were undertaken with envi-
ronmental issues in mind. Turning to intentional use of technology
to manage environmental change, options exist to eliminate atmo.
spheric emissions of sulfur dioxide and carbon dioxide due to fossil
fuel production (e.g., Haefele et al., 1986) and to radically reduce the
danger posed by halocarbons to stratospheric ozone. But between
these observations of technical feasibility and useful assessment of
the management ootions ‘hat technologies might offer for dealing
with global change are a number of basjc research questions that
have been only partially addressed by existing studies:

ST

o What are che major technological trends that are likely to
restructure the natuare of interactions between environment and de-
velopment over the next several decades?

e What technological opportunities appear most promising in
light of what we understand about the quantities and qualities of the
key flows of materials and energy involved in global change (White
et al., 1988)?

o What are the necessary conditions to induce technical in-
novations that would relax the constraints posed by global change
(Runge, 1986)?

» What are realistic penetration and diffusion times for such
innovations in the world market (Pry, 1973)?

22The role played by the development cf sabstitutes for certain chl: ofluorocarbons
in the promotion of the Montreal Protocot on the Ozone Layer may be, but probably is
not, something of an exception. See Office of Technology Assessment (1988).
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e How can both innovation and diffusion of technologies sup-
portive of sustainable development be encouraged in an increasingly
internationalized technology market (Guile and Brooks, 1987)7?

e To what extent will it be most productive to pose the ahove
questions not for individual technologies, but rather for groups of
tightly interacting and therefore “co-evolving” technologies (R. Chen,
personal communication)?

Institutions and the Management of Global Change

Humans organize their responses to global change through a wide
range of institutions and other structures. The fundamental research
challenge is to undarstand the re'ative effectiveness of alternative
institutions as mech nisms for management of interactions between
human and environmental systems. The institutions to be examined
include not only those involved in classic market and national regula-
tory functions, but also an increasing array of voluntary and interua-
tional organizations. All of these structures, plus the bodjes of policy,
law, and practice they reflect, are evolving rapidly in terms of reach
and power. Each country’s management options are increasingly in-
fluenced and constrained by the institutions and policies of other
countries. A dynamic, global perspective on the changing efficacy of
alternative institutions for managing global change is therefore nec-
essary, backed by appropriate comparative and historical research.
A limited body of existing scholarship on national and international
mechanisms for managiag large-scale environmental change provides
the foundations on which such research can build (e.g., Caldwell,
1984; Carroll, 1983; Kay and Jacobson, 1983). Araong the specific
quections to emerge from recent reviews, the fullowing stand out as
meriting high-priority attention:

e What is the special place of the nation-state in managing the
interactions between human and environmencal systems? How are
economy /environment interactions treated in national policy pro-
cesses? What decermines the prospects for interstate cooperation on
environmental problems? How do domestic interests reflect on such
foreign policy decisions?23

23T hese perspectives were articulated by Eugene Skolnikoff of MIT in a letter to
William Clark, dated September 22, 1988,
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¢ What influences “the pace or response-time with which sci-
entific information about threats of significant perturbations in the
geosphere and biosphere is translated into government action” (Ja-
cobson and Shanks, 1987:29)7 More generally, which factors place
environmental issues on national and international agendas? Which
keep them there through time? Which institutional mechanisms
might facilitate anticipatory as opposed {0 reactive agenda setting
for issues of global change (Tang and Jacobson, 1988)?

» What strategies for environmental protection—what mix of
education, markets, regulations, and laws—seem to work best for
dealing with large-scale, long-term problems in specific cultural con-
texts (Tang and Jacobson, 1988)? What are the “attitudinal and
political preconditions for effective regulation or resource manage-
ment programs” (Jacobson and Shanks, 1987:29)?

» To what extent can methods of environmental protection be
transferred from one country *o another? What facilitates the trans.
fer? What are the limits and barsiers to one country’s application
of strategies successfully employed in another (Tang and Jacobson,
1988)?

* Despite the generally poor performance of both market and
regulatory approaches to problems involving public goods and exter-
nalities, “some good solutions to borderline cases, such as research
and development, are available through a third option, the ‘not-for-
profit’ sector. This sector has Played a very helpful role in such arcas
as public health and agricultural research associated with the ‘Green
revolution.”” What are the conditions under which it might play
an equally important role in managing global change (Mclaren and
Skinner, 1987:544)?

e To what extent could trade and investment policies play a
role in the management of global change? Do policies that encourage
the spread of multinational business enterprises: (1) accelerate the
diffusion of advanced pollution contro! and Tesource-management
techniques; or (2) redistribute environmenta! degradation to less
developed countries (Tang and Jacobson, 1988)?

o What are the “prospects for, and the strength of obstacles
to, effective international coordinated regulation and resource man-
agement programs addressed to problems of international and global
environmental degradation” (Jacobson and Shanks. 1987:29)?

e What new international frameworks, such as the concept of a
“planeta,y trust” developed ! y Edith Brown-Weiss in the context of
U.N. University studies on sustainable development, might provide

) ‘J!d
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useful tools for the management of global change (Brown-Weiss,
1984)?

In addition to research on these questions, there is a need to
provide fora in which such questions can be systematically pursued
in close conrection with research characterizing the likely nature,
extent, and timing of global environmental change per se.

Behavior and the Management of Global Change

Ultimately, it is certain patterns of human behavior that lead to
environmental degradation, and other patterns that result in sustain-
able development. Research on global change needs to sstablish how
relevant human behaviors are shaped, and how they can be altered
as part of efforts to manage the long-term, large-scale interactions
between people and their environments, A growing body of schol-
arship in economics, psychology, attitude change, communications
networks, and social diffusion provides substantial foundations upon
which the nceded research can be built.?* With some exceptions,
however, this work has tended to focus on the determinants and
control of individual behaviors. Global change problems, in contrast,
highlight the importance of collective action and organizational be-
havior in shaping long-term, large-scale interactions between people
and the environment.25 A fundamental challenge ir studies of the hu-
man dimensions of global change is to work toward a theory of human
system behavior that encompasses all these relevant levels of social
organization. On the way to such a comprehensive theory, several
specific questions merit carly attention in resear-h on global change:

* Why do some individuals exhibit behaviors that contrinute
relatively much to the forcing global environmentai change, while
others choose to behave in ways that contribute relatively little?25 T
what extent do cultural factors, including income, social context,?7

24Svc, for example, Bandura (1986), Lindzey and Aronson (1985), Rogers and
Kincaid (1981), Schelling (1978), Wineut (1986), and Stokols and Altman (1087).

BFor a general review of the problems of collective action, see Olson (1971). For
a recent anthropological perspective on organizations as the relevant units of behavior,
sce Douglas (1986).

26004, . . .

“*This question has been usefully addr x sed i1, the context of behaviors that concery
energy use by Cook and Bervenberg (1981).

27 . " . R
““The term “social context” is used here in the sense employed by Douglas and
Wildavsky (1982).
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access to relevant information, or immediate experience play a role
in determining differences in relevant behaviors?

e Can some groups, organizations (e.g., corporations), or so-
cieties be identified as having exhibited behaviors consistent with
ervironmentally sustainable development over extended periods? If
so, what special characteristics set these groups apart? What, if any,
is the distinctive role of “traditional” knowledge and practice in such
cases’

¢ Given that most global environmental changes are both long
delayed and cominon-property in nature, an individaal has limited
incentive to change his or her own immediate behavior in ways to
reduce those changes. Neither markets nor state regulatory systems
have proven particularly effactive in dealing with the public good
and externality dimensions of this situation (McLaren and Skinner,
1987:544). How can the needed collective behavior changes best be
motivated and sustained in the context of global change problems?
Wh-* can be learned from the recent rise of apparently powerful
grass-roots environmental movements and other changes in the val-
uation of environmental concerns?

e What is the role of technical information and expert assess-
ment in shaping behaviors relevant to global change? How can such
knowledge be framed and communicated in ways that maximize its
impact on the public and on support for social action??® In par-
ticular, experience in smaller scale environmental problems strongly
suggests that technical information will be more effective in changing
behaviors when it is conveyed along with assessments of alternative
management actions, their likely consequences, and the prospects for
fair distribution of costs and sacrifices (Brooks, 1986; White, 1988h).
In what ways can such experience be used to improve the ability of
technical information on global change to modify behaviors of in-
dividua.s, organizations, and nations? What special challenges are
posed by the international character of global change?

Finally, as in the case of rosearch on institutional questions, there
is a need to provide fora in which behavioral issues relevant to the
management of global change can be systematically pursued in close

2'i‘The wording of this question is from Albert Bandura, in a comment on an
carlier version of this report (letter to Dan Druckman of Natjonal Research Council
staff, dated May 9, 1982). Bandura cites the work of attitude change th-ary (McGuire,
1969), decision theory in risk perception (Kahneman et al., 1982), and social cognitive
theory /Bandura 1986} as providing relevant guidelines,

. -ige
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connection with research characterizing the likely nature, extent, and
timing of global environmental change per se.

SELECTED RESEARCH CHALILENGES

Previous sections of this paper have surveyed the principal ele-
ments involved in humans’ interactions with the global environment
and summarized the major unresolved questions regarding the char-
acter, causes, and consequences of those interactions. The objective
of this section is to draw from those questions a small number of
crosscutting research challenges that, due to their importance, com-
plexity, and interdisciplinary character, might best be addressed as
part of the formal U.S. contribution to the IGBP.

Selection of the “challenges” described here is based on the “ex-
ternal” criteria of importance described in the introduction of this
paper, plus an assessment of the likelihood that results useful for
the IGBP would emerge relatively promptly from a serious research
effort. Priority is given to human dimensions of global change that
achieve their importance through significant interactions with related
climatic, biogeochemical, and biotic dimensions of change. Certain
such interactions pose special challenges in that they can be ad-
dressed effectively only through substantial interdisciplinary research
initiatives, which are unlikely to emerge from normal disciplinary pri-
ority setting and funding processes. These are highlighted here as
topics that may benefit most from, and contribute most through,
explicit integration within a focused research program constituting
the U.S. contribution to the IGBP.

Five specific research challenges are outlined below as a stimulus
to further and fuller discussion in the course of the IGBP planning
process. It is recommended that study groups of leading scholars in
the relevant fields be convened to develop more completely and criti-
cally e detailed research plans that will required if these challenges
are to be met.

Global Land Use Change

One major challenge for research on the human dimensions of
global change is to build a better understanding of the processes
underlying global land use change.

People’s use of the earth’s land surface is a key focus of the
interaciions between human and environmental systems involved in
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global change. Human activities are transforming land surfaces in
ways that have profound implications for ecosystems, biogeochemical
fluxes, and at least regional climates (Bolin and Cook, 1983; Turner
et al., in press). Conversely, changes in the global environments
have major implications for human land use (Jaeger, 1988; Parry
et al., 1988). Explaining the large-scale, long-term environmental
changes of the last several centuries and predicting such changes for
the future both require a deep understar.ding of the human processes
underlying global land use change.

Four dimensions of a global land use scudy are envisioned. The
first would be conceptual. It would entail the construction of a core
conceptual model or theory of the causal relations that link underly-
ing changes in culture (i.c., population, development, and values) on
the one hand, and changes in environment on the other, to human
choices that affect long-term, large-scale patterns in the use of the
land. Among the key processes to be considered in the conceptual
model would be those that determine the growth, character, and
distribution of population (inclu ling rural-urban migration) and of
agricultural development. Factors influencing relevant technology
transfers and long-term changes in the trade linkages between places
of production and places of consumption would also nead to be in-
cluded, as would the economic and institntional mechan’sins involved
in land use choice and regulaiion. Somewhat more eluisjve but almost
certainly important would also be processes through which societies
perceive the relation between their land use choices and the environ-
ment, and processes by which they attempt to intervene and make
those relations more to their liking. Other factors and processes
would be added to the conceptual model as the stvdy matured.?0 Ex-
cellent foundations for a conceptual model of the human dimensions
of global land use change are provided by the recert pubiications
of the Dahlem Conference on resources and development and the

SCOPE/1CSU land transformation project (McLaren and Skinner,
1987; Wolman and Fournier, 1987).

or example, Pierre Crosson of Resources for the Future has outlined several key
areas of basic research relevant to global land use change that need to be pursued over
the long run. These include the regional impacts of climatic change, the socioeconomic
preconditions for sustainable opening of the Latin American and African frontiers, the
prospects for capitalizing on local knowledge in designing sustainable agriculture sys-
tems, the :elation between land use and species diversity, the problem of yield variabil-

1ty and crop varieties, the effects of erosion on soil productivity, and the requirements
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The second dimension of the study would be historical. It would
document how the key variables of land use, population, agricultural
prices, and so on, identified in t}> conceptual model have in fact
changed throughout the world over last several hundred years. This
work could build on the recent programs of environmental history
brought together at the 1987 Clark University /ITASA/WRI project
on “The Farth as Transformed by Human Action” (Turner et al., in
press).

The third dimension of the study would invole in-depth regional
case studies of the general relationships suggested in the conceptual
and historical work. An explicitly comparative approach would be
adopted. One possible framework, proposed by Pierre Crosson (198€)
of Resources for the Future, would contrast regions occupying sig-
nificantly different places in a two-dimensional field of density of
population and density of economic or technological development
(e.g., GDP/unit are: ). Priority regions might then include the tropi-
cal forests, semiand bHut highly developed areas such as the American
Great Plains, and the boreal forest. Other frameworks emphesizing
other cultural and environmental differences could also be used. In
any event, the choice of regions could usefully be made to complement
areas selected for intensive study of natural processes through the
“geospherc-biosphere training centers” proposed for the IGBRP. The
wealth of regional case studies prepared for the UNESCO Man and
the Biosphere Program as well as the SCOPE and Clark University
cfforts noted above should also be cousidered. An obvious oppor-
tunity fcr bilateral and multilateral cooperation also exists here, as
evident in proposals for land-use-related stucies emerging from recent
bilateral discussions between U.S. and Chinese (Tang and Jacobson,
1988) and U S. and Soviet scholars (Kotlyakov et al., 1988).

Finally, the fou.th dimension of the study would involve the
construction of future scenarios of global land use change, and ex-
ploration of how alternative h»man choices regarding global change
would alter those scenarios. Reference scenatios of the kinds of
patterns of land use change that might be associated with ma-
jor alternative paths of world economic development are essential
to the planning of natural science ‘esearch and monitoring in the
global change program. A precedent exists in the useful (though in-
evitably imperfect) scenarios of future energy growth created by the
economics comniunity in support of studies on possible impacts of
changing greenhouse gas concentrations in the atmosphere (e.g., Ed-
monds and Reilly, 1985; Nordhaus and Yohe, 1983). The key here is
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to view the scenarios not as predictions, but as internally consistent
reference cases that can be linked to readily understandable strate-
gies of future svelopment (Brewer, 1986; Chen and Parry, 1988;
Lave and Epple, 1985). Some excellent Swedish work has recently
been published on methods for assuring that such referenc: scenarios
or “future histories” explore unlikely or surprising possibilities in the
interactions between human and environmental systems, rather than
simply summarizing conventional wisdom (Svedin and Anianssou.,
1987).

A successful study of global land use change will require contribu-
tions from scholars expert in virtually all the elements of interaction
between human and environmental systems that were described ear-
lier in this paper. Due to the tight connections between agricultural
development and l2nd use, howeer, leadership in this venture might
well be sought from the community of scholars interested in global,
long-term patterns of agricultural development. Studies related to
the global land use project proposed here have recently been recom-
mended by a number of groups.3°

Industrial Metabolism

A second major challenge for research on the human dimen-
sions of global change is a better understanding of the “metabolism”
of productive and consumptive processes through which industrial
societies force changes in the earth’s environment.

As noted earlier, indust:ial civilization’s transformations of ma-
terial and energy resources constitute major sources of global change.
Explaining the large-scale, long-term environmental changes of the
last several centuries and precicting such changes in the future thus
require a deep understanding of the changing “metabolism” of in-
dustrial society. Such understanding does not now exist, except for
isolated techuoiogies and waste products.! Tt needs to be created as

30p,p example, the SCOPE land use prcject (Wolman and Fournier, 1987), an ad
hoc group on Social Science Contributions tc tlie IGBP convened by the U.S. National
Research Council's Commission on Behaviora! and Social Sciences and Education (De-
Fries and Druckman, 1988), and the China-U.S. Workshop on Human Dimensions of
Global Change (Tang and Jacobson, 1488). A thoughful discussion of the possibilities
for such a study appears in an unpublished note entitled “Some comments and sugges-
tions on a sodial science component of the IGBP” prepared by William E. Riebsame of
the Uriversity of Colorado in response to an earlicr draft of this report (letter to William
C. Clark, dated May 17, 1988).

31The case of chlorofluorocarbon emissions and stratospheric ozone depletion offers
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part of a research program on global change. The central goal of an
industrial metabclism study would be to undersiand and document
how processes of industrial production transform resource inputs into
outputs that must be absorbed and processed by the environment.
A materials and energy balance approach would be central to the
study, which would seek to develop a rigorous and quantitative un-
derstanding of the production and consumption processes involved
in transforming basic material flows relevant to global change. The
specific categories of industrial activity considered in the study would
be selected to provide the most useful interaction with the natural
science components of the glcbal change program. The focus would
likely include processes related to the flows of heavy metals, sulphur,
and halocarbons.

Paralleling the land use study reccmmended above, four dimen-
sions of an industrial metabolism study are envisioned. The first
would be conceptual. It would entail the selection of materials, en-
ergy uses, and consumption processes of most relevance to global
change, the construction of a materials and energy balance frame-
work covering selected production and consumption activities, and
specification of the causal factors determining the rates of transfor-
mation of those materials and energy flows. Considered would be the
demographic, economic, and institutional factors underlying long-
term trends in energy conservation and in the intensity of materials
embodied in end-use functions (Goldemberg et al., 1987). Consider-
ations of technology life-cycle (Ayres, 1987) and changing patterns
in the places of materials production and consumption (Chisholm,
in press) would also be included. Recent ctudies on materials cycling
in global change led by Robert Ayres at ITASA and Carnegie Mellon
University provide an example on which this work could usefully
Luild (Ayres and Rod, 1986; Ayres and Tarr, in press).

The second dimension of the study would be histo-ical. It would
involve documentation of how particular material and energy re-
sources have been metabolized through production and consumotion
processes over perics of decades to centuries. Where appropriate or

a simple example of the need for some form of future scenarios as part of a global change
research effort. Much attention has been devoted to the creation of such scenarios, and
the most sophisticated recent probabilistic assessment (Hammitt et al., 1987) consti-
tutes a significant improvement over early trend extrapolations. Nonetheless, it could
do no better than assume that chlorofluoro:arbon use in the long run would increase
proportionally with global eccnomic growth, and that economic growth would follow
the trajectories assumed in the best models of anergy use and carbon dioxide emissions
noted earlier.
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necessary from the perspective of the natural science ‘avestigations
of glohal change, a world-scale perspective would be adopted. The

of land use change described ahove. Again, the choice of region;
would also endeavor to reflect the areas selected for intensive study
of natural processes in the “geosphere-biosphere training centers” of
the IGBP. Opportunities for multilateral cooperation in this work
should prove to be especially strong,

Finally, the fourth dimension of the study would involve the con-
struction of future scenarios of industrial metaboljsm and associated
materials and energy exchanges with the environment. The objec-
tives and approach outlined for the land use scenarios would apply
here as well. The previously noted RFF study on atmospheric change

Usable Krnowledge of Global Change

A thizd major challenge is to make knowledge about global
change more usefu] as a g'ide to human action, Asg noted above,
technical information, Popular perceptions, and fundamental values
interact closely in shaping human choices. Unfortunately, research
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in understanding the components of choice has rarely been as inte-
grated as the components themselves. The goal of this study would
be to break new ground in developing an integrated understanding
of how to improve the utilizaticn of knowledge in human cheices
relating global change. Toward this eund, the study would focus on
determining how the interplay of assessment methods, perceptious,
and values might be moc fed in ways that make possible mere in-
formed human choices on problems that arise through the long-term,
large-scale interactions between peoples and their environments.

As argued earlier in this paper, some sort of regional focus would
be required in order to address the great variety of environmentul
conditions, social structures, and human belief systems that shape
the meaning of global change for people. One crucial aspect of
providing more usable knowledge of global change woild be to de-
termine experimentally the most useful scale of “region” for use in
assessients of global change. Another would be to develop ways
of integrating individusl, corpora.e, and state responses within this
regional framework. huwever the rogional issue is resolved, it would
also be crucial to address explicitly the linkages among regions—
how the human consequences of global change in one place affect
assessments, perceptions, and consequences of global change in other
places.

Four dimensions of a study on usable knowledge and global
change are envisioned. The first would pe conceptual. Following
proposals set forth by the U.S.-China Workshop on Human Dimen-
sions of Global Change (Tang and Jacobson, 1988), a framework
would be developed for summarizing the major variables involved in
human choices regarding globai change. .\t a minimum, the frame-
work would provide for examining the relation between basic cultural
factors (e.g., relevant demographic, developmental, and institu‘ional
characteristics) and major components of chcice (e.g., risk asses:-
menis, perceptions, values, and behavior per se). The purpose of
the fiamework would be to provide a structure for the formulation
of specific hypotheses, and for the construction and comparison of a
variety of empirical case studies (see below).

A second dimension of the study would be methodological. One
basic requirement is for better methods of monitoring changing pat-
terns of peoples’ perceptions and vs'ies regarding the long-term,
large-scale interactions between human and environmental systems.
As discuzsed beicw in the final saction on selected research challenges,
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there currently exists no capability for reliably monitoring these cru-
cial determinants of the human dimensions of global change. At a
minimum, an evaluation is needed of the relative feasibility and util-
ity of global monitoring approaches relying on formal questionnaires
as opposed to surveys of relevant material drawn from such sources
as newspapers, literature, and art.

Another important methodological task would be the design
and evaluation of approaches for resolving some of the major short-
comings of existing assessment methods that were identified in this
chapter. Special attention would be given to methods for handling
multidimensional syndromes of environmental change and for map-
ping assessments of such syndromes on a regional basis through the
use of geographic information system technologies. Work would also
be required on the technical difficulties of integrating values relating
to the timing and uncertainty of consequences into the assessments.
Those methodological studies should be conducted experimentally.
Each proposed improvement in assessment methodology should be
cvaluated in terms of its actual impact on the perceptions or values
of potential assessment users.

The third dimension of this effort would consist of in-depth re-
gional case studies. As suggested by the conceptual framework noted
above, an cffort would Le made to compare the determinants of
human choice on particular problems of large-scale, long-term envi-
ronmental change across a wide range of cultural contexts. A strong
historical orientation would almost certainly be useful here, leading
to an understanding of how technical information, perceptions, and
values have in fact interacted in shaping the evolution of various
societies’ responses to problems of global change.

Finally, the study would have a forward-looking dimension. This
would seek to formulate recommendations regarding how the world’s
rapidly growing technical knowledge regarding global change could
be better assessed, formulated, and communricated so as to make
a more useful contribution to relevant human choices being made
around the world. Once again, the hallmark of this work should be its
experimental orientation. Alternative approaches to assessment and
communication should be encouraged and then critically evaluated
in terms of their actual impacts on perceptions, values, and behavior.

Leadership in the “usable knowledge” effort might be sought
from scholars of human behavior, especially those who have been
involved in studies of environmental hazards and risks. Experience

gl
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also suggests, however, that the organizations likely to be responsi-
ble for global change assessments—in the United States, notably the
National Research Council, the Office of Technology Assessment, the
appropriate executive agency groups, and the major nongovernmen-
tal organizations—should be intimately engaged in this effort if it
is to have any chance of influencing their practices.3® A number of
other groups, including the World Commission and Environment and
Development, have proposed studies related to that outlined here.3*

Institutions for Management

A fourth major challenge is to better understand the ways in
which institutions at all scales interact in shaping the human system'’s
capacity for coping with global change. E

The institutional challenges posed by global change are substan-
tial and varied. They range from providing for the basic research and
monitoring that generate the technical knowledge base, through fa-
cilitating consensus building on required responses, to implementing
coordinated actions in a great variety of local, regional, and national y
contexts. In a few cases, notably the recent protocol on protection
of the ozone layer, interactions among institutions have evolved over
a period of decades to the point that what began as the concern of a
few scientists is beginning to translate into coordinated and effective

33The barriers faced in getting such institutions to adopt more self-conscious and
experimental approaches to their work are profound. Several years ago, the U.S. Na-
tional Research Council convened a special governing board committee on the assessment
of risk in NRC reports witk the explicit purpose of addressing many of the difficulties
raised here (NRC, 1981). The report of the committee contained a number of excellent
and feasible recommendations that have been virtually ignored by the NRC since their
publication in 1981. In particular, subsequent NRC studies of the greenhouse effect and
acid deposition suffer from shortcomings in the treatment of uncertainty that the NRC’s
own guidelines, if followed, would have substantially mitigated.

HThe study proposed here might be one of the more productive ways to implement
the WCED (1987) recommendation for a “global risk assessment.” Related studies have
been proposed by the International Federation of Institutes for Advanced Study work-
shop on Human Responses to Global Change (IFIAS, 1987), the U.S.-China Workshop
on Human Dimensions of Global Environmental Change (Tang and Jacobson, 1988),
and the new SSRC program on global change (Rockwell and Kasperson, 1948). Links
between this effort and the planned International Decade for Natural Hazesd Reduc-
tion would almost certainly be beneficial to both. The IDNHR is described in NRC
(1987). In the form described by the NRC document, however, IDNHR ‘would have
serious shortcomings as a model for work on risk assessment and management for global
change. In particular, the human dimensions of the proposed program strongly empha-
size engineering over behavioral approaches to coping with hazards. Whether a more
balanced treatment of human response can be evolved remains to be scen. For a critical
review of IDNHR, see Mitchell (1988).
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action at the international scale. In numerous other cases such as
desertification, however, institutional mechanisms have been inade-
quate to trarslate concern into better management. Unfortunately,
we have little understanding of why our institutions have coped bet-
ter with some long-term, large-scale environmental problems than
with others. We know even less about how present institutiona]
structures might be redesigned better to cope with the increasing
scale and urgency of global change.

Individual studies have, of course, illuminated important com-
ronents of the overall environmental Mmanagement picture. Thus we
have treatments of the roles played by markets, international law and
treaties, international organizations in the public and private sectors,
international mechanisms for the exchange of scientific information,
behavioral “regimes” based on informally shared norms, voluntary
organizations, and so on (e.g., Caldwell, 1984; Carroll, 1983; Kay and
Jacobson, 1983). There also exist a number of comparative studies
examining different styles of environmental decision making at the
national scale (e.g., Brickman et al., 1985; Enloe, 1975; Lundqvist,
1980; Vogel, 1986). Lacking, however, is a strategic or synoptic ap-

attention on missing dimensions of present understanding.

The first phase of the study proposed here would be concep-
tual. On the cultural side, a framework would need to be developed
for assessing how the capacity of human institutions to cope with
global change is shaped by demographic, organizational, and devel-

different, in a managerial sense, from the problems we have learned
to deal with in the past. The rapidly changing spatial scale of hu-
man disruptions of the environment is clearly one important aspect,
as is the increasing temporal scale (e.g., the long residence times of
chlorofluorocarbons in the stratosphere). On the institutiona) side a
framework would be needed for assessing how effectively different or-
ganizational approaches to research administration, regulation, and

of environmenial problems. The internal evolution of institutions
would need to be considered here. It seems almost certain that the
“maturing,” on a time scale of decades, of structures as different as
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the Sierra Club, the EPA, and United Nations Environment Pro-
gram has profound—and not necessarily positive—implications for
societies’ capacities to manage global change. The present and po-
tential role of the media in these processes would clearly merit special
attention. The recent report of the U.S.-China Workshop on Human
Dimensions of Global Change provides a detailed discussion of how
this conceptual framework might evolve (Tang and J acobson, 1988).

The second phase of the study would involve comparative histor-
ical case studies of how institutional structures, interrelations, and
perforn::.nce have co-evolved in the course of humanity’s efforts to
come to terms with specific problems of long-term, large-scale envi-
ronmental change. Each study would adopt a global perspec.ive from
which to compare the performance of a number of local, national,
and international entities. Special attention would be given to how
institutions serving one functional or regioral constituency interact
with other institutions in attempting to come to terms with what
global change means for their own action agendas.

The third phase of the proposed study would be synthetic. Its
objective would be to draw from the theoretic and case study work
specific recommendations for improving local, national, and interna-
tional institutional structures for coping with global change.

The proposed study on institutions for the management of global
change would require contributions from political scientists, legal
scholars, students of international negotiations, and a variety of other
social science disciplines. Close collaboration with the natural scj-
entists engaged in research and assessment of global change would
also be required. Leadership might be sought from scholars who have
been active in comparative studies of institutional performance in en-
vironmental regulation. Studjes related to that proposed here have
recently been recommended by a number of groups.3® An example of
the way in which such a study might be structured is provided by the
project on international institutions and the environment carried out
several years ago by Kay and Jacobson (1983) under the auspices of
the American Society of International Law.

35Puticularly strong cases are made in the reports of the Dahlem Conference on
resources and development (McLaren and Skinner, 1987) and the Ann Arbor (Jacobson
and Shanks, 1987) and U.S.-China (Tank and Jacobson, 1988) workshops on Human
Dimensions of Global Change.

.-k
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. 4
Documentation

Each of the selected research challenges highlighted in this sec-
tion, plus a number of the basic research questions raised above, has
significant documentation aspects that are integral to its success,
Two basic challenges concerning documentation of the human di-
mensions of global change should, however, be singled out for special
consideration in the formal U.S. contribution to the IGBP.

Environraental History

The first of these is an “electronjc atlas” for unifying the doc-
umentation of environmental history research relevant to global
change. As noted earlier in this paper, environmental history stud-
ies have advanced significantly over the past decade, and are now A
beginning to produce quantitative global data on century-scale in- 1 ,

an “electronic atlas” was raised by participants at the recent Clark
University symposium on “The Earth as Transformed b Human
Action” (Turner et al., in press). The intent was to create a spread-
sheet and global mapping package designed for handling historical
environmental data that could be run on desktop computers, but
would be compatible with the more complex data bases being used
for contemporary land use and remote sensing data. The software
would be widely distributed for general use. The acceptance of new
data sets into the official “atlas” would be determined by an editorial

board of natural and social scientists

with the mapping functions of t},
above might be contemplated.
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Perceptions and Values

A second proposed program of documentation concerns changing
patterns of human perceptions of and attitudes toward global change.
The Ann Arbor workshop developed a strong case that

because human beings and their institutions are ultimately re-
sponsible for actions that affect the Earth system, it will be
important to monitor public attitudes and behavior. The sooner
the international base-line surveys of attitudes and behavior con-
cerning the ecosystem are conducted the better, for such base-line
surveys will be an essential step in attempting to monitor and
understand attitudinal change with respect to the issues that
affect the Earth (Jacobson and Shanks, 1987:23).

We have passed through the time of people’s first encounter
with images of their planet viewed from space without any system-
atic survey knowledge of how that possibly revolutionary perspective
may have changed our perceptions and values. If the next decade’s
research on global change is anywhere nearly as productive and sur-
prising as its proponents hope, then the new knowledge it produces
should affect us, the human component of global change, in ways
we cannot now envision. It would be ironic indeed if we ended up
inowing more about the changes in our planet than we know about
the corresponding changes in ourselves. Some sort of periodic, global
record of people’s perceptions of, and values regarding, long-term,
large-scale interactions between human and environmental systems
should be an integral part of the documentation of global change.

Whether the “surveys” on which such documentation of global
change is based should include a wide range of cultural products—
e.g., newspapers, literature, art—as well as responses to specially
prepared questions is an open methodological question addressed
in the study of “usable knowledge” proposed above. n any case,
however, the surveys will alimost certainly be more illuminating if
they are designed jointly by teams of scholars expert in both the
environmental and the human dimensions of global change.
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ANNEX A: PROGRAMS ON THE HUMAN DIMENSIONS
OF GLOBAL ENVIRONMENTAL CHANGE:
A PARTIAL LISTING

[The purpose of this list is to encourage communication among the
various institutional programs that are developing an explicit focus
on the human dimensions of global environmental change. Many
groups, of course, are pursuing studies related to this topic. Those
listed here have undertaken efforts more or less directly related to the
IGBP initiative. The named individuals should be able to provide
further information. This listing is clearly incomplete.]

Center for Poli:ical Studies, University of Michigan [Harold Jacobson.
Institute for Social Research. The Univ. of Michigan. Ann Arbor,
MI i8106])

European Science Foundation, Standing Committee for the Social
Sciences. [John H. Smith. ESF. 1 quai Lezay-Marnesia. F-67000
Strasbourg, France)

International Studies Association, Ad Hoc Committee on the In-
ternational Geosphere-Biosphere Program. [Harold Guetzkow. De-
partment of Political Science. Northwestern Univ. 601 Univ. Place.
Evanston, IL 60208]

International Federation of Institutes for Advanced Study/ Interna-
tional Social Science Council/ United Nations University [lan Bur-
ton. IFIAS. 39 Spadina Rd. Toronto, Ontario. Canada MS5R 259)

International Union of Psychological Science, U.S. National Com-
mittee. [Mark Rosenzweig. Department of Psychology. Tolman Hall.
Univ. of California, Berkeley, CA 94720]

Social Science Research Council. [Richard Rockwell. Social Science
Research Council. 605 Third Ave. New York, NY 10158)

U.S. Department of State, Office of the Geographer. [George Demko.
Office of the Geographer. Department of State. Washington, DC
20520)

U.S. Natioral Academy of Engineering, [Jesse Ausubel. NAE Pro-
gram Office, 2101 Constitution Ave., NW, Washington, DC 20418]
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U.S. National Academy of Sciences, National Research Councij.
[Ruth DeFries, Committee on Global Change; Dan Druckman, Cora-
mission on Behavioral and Social Sciences and Education, 2101 Con-
stitution Ave., NW, Washington, DC 20418]

U.S. National Science Foundation, Divisjon of Social and Econ ymijc
Sciences. [Roberta Balstad Miller. NSF. Washington, DC 20551]

ANNEX B: THE PREPARATION OF THIS PAPER

The present composition of the Committee on Globa) Cha; ge
reflects the early focus of the IGBP on the natural sci¢nces. In
order to pursue the committee’s conviction that unders’anding of
global change nonetheless must €ncompass human intera:tions with
the natural system, it was therefore necessary to draw ‘rom a wide
range of outside expertise in the social sciences and engineering. This
task was facilitated by the many symposia, workshops, and studies
on the human dimensions of global envirormenta] cliange that the
social science and engineering communitjes have recently conducted
under impetus of the IGBP and its urderlying themes. Instead of
duplicating the work of these activii;os through committee-sponsorad
workshops, committee members or staff participated directly in the
following efforts:

® the Ann Arbor workshop on an “International Socjal Science
Research Program on Global Change” (Jacobson and Shanks, 1987);

e the Clark University environmental history symposium on
“The Earth as Transformed by Human Action” (O’Riord:m, 1988a;
Turner e. al., in press);

* the World Climate Impacts Program study on “Developing
Policies for Responding to Climatic Change” (Jaeger, 1988);

e the ad hoc meeting of the Nationa] Research Council’s Com-
mission on Behaviora] and Social Sciences and Education to review
possible social science initiatives in support of a U.S. Globa] Change
Program (DeFries and Druckman, 1988);

e the China-U.S§, workshop on the “Human Dimensjons of
Global Environmenta] Change: Proposals for Research” (Tang and
Jacobson, 1988);

» the Social Scjence Research Council project on “The Social
Sciences and Global Eunvironmenta] Change” (Rockwell, 1988; Rock-
well and Kasperson, 1988);

¢ the National Academy of Engineering Woods Hole workshop
on “Technology and Environment”;
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e the European Science Foundation workshop on “Fnvironme,.t
and Development” (Hagerstrand, 1988; Nowotny, 1988; O'Riordan,
1988b); and

* the symposium organized by the International Federation
of Institutes for Advanced Study (IFIAS), the International So-
cial Science Council (ISSC), and the United Nations University
(UNU) on “Human Response to Global Change” (IFIAS, 1987;
IFIAS/ISSC/UNU, 1988).

In addition to this direct engagement, a number of recent reports
prepared by other groups interested in the human dimensions of
global change have been reviewed in preparing this paper. Among
the most important to our conclusions are the foll, ~ing:

* the strategic review of future directions performed by the
UNESCO Man and the Biosphere (MAB) Program’s General Scien-
tific Advisory Pane] (UNESCO, 1986);

e the International Institute for Applied Systems Analysis pro-
gram “Sustainable Development of the Biosphere” (Clark and Munn,
1986);

* the Social Science Research Council conference “Forecasting
in the Natural and Socjal Sciences” (Land and Schneider, 1987);

¢ the Dahlem Conference “Resources and World Development”
(McLaren and Skinner, 1987);

e thereport of the World Commission on Environment and De-
velopment (the Brundtland Commission) on “Our Common Future”
(WCED, 1987);

e thereportofa Royal Society of Canada, meeting entitled “Hy-
man Dimensions of Global Change: the Challenge to the Humarities
and Social Sciences” (Braybrooke and Paquet, 1987); and

* thereport of a joint U.S.S.R.-U.S.A. study on “Global Change:

Geographical Approaches” (Kotlyakov et al., 1988).

Earlier drafts of the chapter were extensively reviewed by members
of the social science and engineering communities, whose assistance
is gratefully acknowledged in Annex C.
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Earth System History and Modeling

COORDINATOR: BERRIEN MOORE III

Because of the immense complexity of the earth system, we
must employ models—reduced description of reality—to describe
the system or its components. Modeling is, in a sense, simply the
formulation of working hypotheses of how the system is structured.
In the context of understanding and predicting global change the
continued development of a variety of earth system and subsystem
models is clearly needed in light of the underlying complexity. Model
development generally places great demands on available contempo-
rary data, and unfortunately, little independent information about
the present is available for model testing. In addition, the ultimate
objective of the IGBP to predict changes in the global environment
places added burdens on model validation. As models of the earth
system and its components emerge, they will generally be based upon
the current state of the system and reflect processes and rates asso-
ciated with the present environment. Thus reproduction of current
dynamics is a basic but sometimes limited test of the models. To
test them over a wide range of conditions, models must be exercised
against the record of past environments.

This paper has been compiled from discussions on earth system history at the
workshops on ecological systems and dynamics and biogeochemical cycling, and further
discussions within the committee.
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The geologic record contains information about the earth’s envi-
ronment extending back as far as 3.8 billion years. Although incom-
piete anu hard to interpret, this record becomes progressively more
complete toward the present and is most complete in the Quaternary
(<2 million years), the later Pleistocene (<400,000 yr), and especially
in the Holocene (<10,000 yr).

The geologic record is particularly useful as it <hows the range
and direction of excursions in the terrestrial environment, for exam-
ple, major glaciations between 450 and 250 million years and since
40 million years and global warming between 140 and 65 million
years. An important aspect of this record is the evidence of rapid
change from one mode of global environment to another. in some
cases there is evidence that the rapid change may have been related
to specific identifiable triggering events. For example, a change to
what is basically the present pattern of oceanic circulation originated
about 15 million years ago and appears to have been related to the
ciosing of part of the Tethys Ocean in Iran (Woodruff and Savin, in
press), which stopped a southward flow of hot saline waters into the
Indian Ocean.

Paleoclimatic and paleohydrological research reveals numerous
ciimatic events and trends that characterize the past few million
years. These include histories of glacier extent, global ice volume,
surface ocean temperature, abundances of CO,, CH,4, and other trace
gases in the atmosphere, extent of forests and arid zones, and sea
and lake levels. This information is provided by a global network
of fairly continuous records that contain quantifiable environmental
and proxy-climate indicators such as pollen, ratios of stable isotopes,
and chemical and particulate concentrations. These natural “diaries”
provide different sets of insights into the history of the earth, covering
a variety of characteristic spans of time and space. The detailed
records of the past 25,000 years, with a focus upon the past 1,000,
should be particularly useful in providing specific tests for models of
global change on time scales of decades to centuries.

RECONSTRUCTION OF THE ENVIRONMENTAL
HISTORY OF THE EARTH

The reconstruction of the earth’s paleoenvironmental history
began in earnest with the development of new geochemical tools de-
veloped in the middle of the twentieth century. The essential charac-
teristics of environments over the last million years emerged from the
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sedimentary records preserved within the ocean floors. Long-term
ice core records bridge the gap between the longer records available
from ocean sediment cores and the shorter, high temporally resolved
histories available from pollen sequences in lake sediments, trev rings,
corals, insect remains, and speleothems. Additionally, higher tem-
poral resolution ice core records from high latitudes and carefully
selected high elevation ice caps in both middle and low latitudes offer
critically important shorter records with fine temporal detail.

The marine sediment record reveals that the warm global cli-
mates that characterized the past 10,000 years are but the interglacial
phase of an ongoing glacial-interglacial cycle. Only 18,000 years ago,
ice sheets covered most of Canada, part of the United States, and
much of Northern Europe, with sea level some 60 to as much as 140
m lower, and with a climate much cooler and (on a global basis)
drier than today. Analysis of various marine sediment properties
(such as cadmium, *3C and *C to '2C ratios, and species variability)
provides evidence of circulation patterns, temperature, salinity, bio-
logical processes, and distribution of nutrients, carbon, and oxygen.
Sediment records on land provide evidence that the pattern of ice-age
vegetation in temperate North America was very different from that
of today, and a clear picture of how the vegetation responded during
the past 18,000 years to a continually changing climate is emerging.

Insights into climates of the past few tens of thousands of years
have been derived from cores drilled in the Greenland and the antarc-
tic ice caps (Dansgaard et al., 1984). The oxygen-isotope and deu-
terium ratios of the ice reveal the temperature at which the water
in the snow evaporated from the surface of the ocean, modified to
some extent by the condensation temperature and by global ice vol-
ume. Therefore, changes in these ratios with depth provide a record
highly correlated with changes in polar temperature between glacial
and interglacial epochs. The record suggests that very rapid changes
in climate may have occurred during glacial times, and that the
glacial to interglacial transition may be relatively rapid (Berger and
Labeyrie, 1987). Records of dust in ice and oceanic sediment suggest
altered patterns of arid zones and atmospheric circulation.

As discussed in the background paper on biogeochemical dynam-
ics concentrations of atmospheric trace gases have been measured in
the entrapped air within ice cores. From such studies, we know that
CH,4 concentrations have doubled in the air since A.D. 1600 and were
much lower during the last ice age, and that the CO, content of the
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air was 30 percent lower during the time of glacial maximum than
over the last 10,000 years.

The acidity of ice cores reflects the temporal history of the atmo-
spheric concentration of acid aerosols at high latitudes and hence the
volcanic flux of sulfate particles, which interact with solar radiation.
This quantitative record of explosive vulcanism can be compared
with other geologic records of climate in order to assess the role
of such events in the alteration of climate. Further, the record of
anthropogenic alteration of the sulfur and nitrogen burden of the
atmosphere is most clearly captured within the ice core records.

Pollen and other microfossils—e.g., diatoms, and insect remains
trapped in leke and bog sediments—reveal past patterns of biota in
the surrounding region and physical properties of the lake. These
proxy indicators, through the use of transfer functions calibrated to
modern species distributions, can be used to infer changes of seasonal
temperature or precipitation. Although time lags may be introduced
in lateral migration by the slow dispersal of seeds of certain species,
lake and bog cores do allow inference of both spatial and temporal
changes of climate over much of the earth’s land area. This field is
relatively undeveloped considering its potential.

The thickness of wood in an annual tree ring where growth
is limited by climate provides a direct measure of growth in that
year, and hence of local climate. For some applications, seasonal
resolution can be obtained by analysis of early and late wood in a
single ring. In many areas of the world, such records can be extended
back several hundreds of years, and in some cases several thousand
years, providing unique insights into the history of our environment.
Furthermore, the tree ring records contain important information
about the isotopic character of the past atmosphere and hence about
valuable biogeochemical histories.

Finally, past glacier fluctuations can be inferred from moraine
limits, stream terraces, and other geomorphic indicators. Lake level
data can be obtained directly by age-dating materials (gastropods,
tufa) that grew in shallow water or ma: be obtained indirectly by
examination of the organic or inorganic content of age-dated cores
taken from lake basins. Groundwater recharge events can also be
age-dated and the carbon and oxygen stabie isotope ratios used to
infer change in temperature or moisture source region.
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MODELS

Models are needed to synthesize our understanding oi tue interac-
tions of the various components of the biogeochemical, hydrological,
and physical-climate systems, including the coupling with vegetation
systems. Models provide a framework for analyzing the impacts of
human activities on the earth system. Another related synthetic role
of models is to optimally assimilate observations of complex fields of
related variables, as is now done in global weather prediction sys-
tems. Such assimilation constrains the observations through known
physical laws and uses these physical laws to extrapolate and inter-
polate from the observations to data-poor locations. For example,
important land properties such as soil moisture cannot be measured
directly on the regional scale, but can be tightly constrained from
estimates of rainfall patterns and evapotranspiration, which would
result from assimilation of observations into a four-dimensional model
of the system.

Models of the physical-climate system are ideal tools for synthesis
of paleoclimate and hydrological data and, conversely, are dependent
on such data for validation of their capabilities to predict future
global change. However, it is necessary to improve the coordination
of paleo-observations ard their synthesis by climate modeling studies,
on both global and regional scales. Emphasis must be placed on the
verification of model sensitivity to various climate forcings, including
the present seasonal cycle, volcanic dust veils, and factors driving
paleoclimatic episodes. These are all potential “natural experiments”
that provide tests of model performance. In addition, the behavior
of the interacting climatic subsystems must be understood, and the
data must be synthesized and enhanced.

Global climate models are in part an outgrowth of weather fore-
casting activities. More emphasis is needed on the linkages to other
parts of the climate/hydrological systems and on the wide range of
temporal and spatial scales over which these occur. The scientific
community at large needs to understand the underlined physical
relationships of the parameterizations and, the limitations of the
models in order to use them appropriately and more effectively in
the development on the models. Tools and concepts that have been
developed by other communities, such as geographical information
systems and hierarchy theory, may prove to be valuable for the study
of climate problems.

In addition to global approaches, a focus on regional climate
change processes will be especially valuable. Global simulations can
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be extended through the use of mesoscale models embedded in the
global model to provide required detail. Only with such an approach
can topographically complex regions such as the western United
States and western China be adequatciy treated.

Models of the earth’s biogeochemical system are, in compari-
son with climate models, less advanced. In part, this is due perhaps
to a greater level of complexity. There has been progress, partic-
ularly in the area of the global carbon cycle. From the simplest
perspective, one can consider the earth biogeochemical system as
a three-box model: an atmosphere, a terrestrial biosphere, and an
ocean including the marine biosphere. In this context, the questions
are as follows: what is the flux of various biogeochemical compounds
(CH,4, CO,, CO, N,O, NO., NHs, COS, DMS, and so on) between
the boxes, what controls these fluxes, and how are they affected by
anthropogenic activity? Obviously, in order to give even first-order
consideration to these questions, the heterogeneity of the “boxes.”
(the atmosphere, the terrestrial biosphere, and the ocean) must be
considered explicitly.

Models of the chemistry of the atmosphere that reflect a range
of spatial and chemical complexity are under development. In terres-
trial systems, serious methodological questions regarding scale partly
reflect past traditions of ecosystem modeling at a relatively small
scale (hectares to square kilometers) as well as the difficulties inher-
ent in the system. New work, however, is emerging at the regional
to global scale that has been encouraged by advances in the inte-
gration of models with geographical information systems and remote
sensing. Major physical oceanographic programs such as The World
Ocean Circulation Experiment and complementary biogeochemical
programs such as Joint Global QOcean Flux Study set the stage for
rapid advances in ocean biogeochemical modeling. But in all of these
areas, we are faced with extremely difficult problems of methodology
and data availability, as well as a multiplicity of feedbacks at varying
spatial and temporal scales that connect the physical-climate system
to the biogeochemical system.

DECODING THE PAST:
CHALLENGING GLOBAL MODELS

Tests of models of global change will come from data from the
past, as will insights into funcainental processes that operate on
time scales of many decades to centuries. We are a long way from a
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fully satisfactory model of the causes of past major giobal changes.
The recent records of CO, and !80 in the Vostok, Antarctica, ice
core (Barnola et al., 1987; Lorius et al., 1985) reveal a close linear
relationship between temperature and CO; abundance, as previ-
ously reported in the Dye 3, Greenland, core (Stauffer et al., 1985).
However, the Vostok core provides the first detailed look at an in-
terglacial /glacial trans’tion about 120,000 years ago. The CO, con-
centration remains high for nearly 10,000 years as the 630 proxy
for temperature exhibits a rapid decline into full glacial conditions.
Either we understand very little about the physical and chemical
relationships between climate (temperature) and the biogenic and
oceanic cycling of CO, and/or there are problems :n the §3) tem-
perature interpretations. The CH4 record poscs similar problems.
On shorter temporal scales problems also arise. What is the cause
of the linear rise in CO, from the middle of the eighteenth century
to the middle of the nineteenth century? Is it anthropogenic forcing,
or is it related to the end of the Little Ice Age? The accurate recon-
struction of these histories requires improving and synthesizing our
understanding of the physical, chemical, and biological processes.

The modeling and data analysis efforts could be usefully focused
on two key temporal periods: the past 25,000 years and the most
recent 1,000 years. In both cases, special consideration could be
given to periods of rapid change since large abrupt changes in the
global system (Younger Dryas, Little Ice Age, major episodes of
volcanic activity, and El Nifio everts) offer special challenges and
tests of both model capabilities and our understanding of the causes
of climate change.

The Past 25,000 Years

Emphasis should be placed upon the reconstruction of tho earth’s
environmental history over the past 25,000 years. This period en-
compasses the range of conditions from full glacial stage to full inter-
glacial. It is easily dated and is well preserved; numerous deep ocean
cores have been retrieved, and there are extensive ice core and pollen
records. Over this period, the global climate system went from the
coldest extremes of the last ice age to the present interglacial with ac-
companying large changes in patterns of temperature, precipitation,
ice cover, and distributions of ecosystems.

Over the past 25,000 years, there were also large changes in
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biogeochemical cycles reflected in large changes in global concentra-
tions of CH4 and CO.. Isotopic tracers such as %0 and deuterium
can be used to track the global climate and geochemical changes
that occurrad over this period. The first exiensive look at a global
reconstruction of full glacial conditions resulted from the Climap
(Climate Long Range Investigation and Mapping) Program (Climap
Project Members, 1981). Land records directly describe variations
in vegetation cover and lake levels. For instance, global vegetation
maps are emerging from regional compilations of pollen data. As the
geographical coverage increases, these maps will provide reconstruc-
tions of increasing global biomass as CO; concentrations increased
at the glacial-interglacial transition. Measurements of the !3C con-
tent of CO; and CHy can provide important clues to the processes
responsible for the changing concentrations of tlese gases in the
atmosphere. Postglacial conditions have been mapped by the Coop-
erative Holocene Mapping Project (COHMAP Members, 1988).

One suggested modeling thrust toward interpreting the paleo-
record over the past 25,000 years is the application of mesoscale
models coupled to global models. Such mesoscale models can pro-
vide simulated weather data as input to runoff-infiltration models,
and can couple to lake thernial-evaporation models as well. Thus
simulations of lake-level variation could be compared to the actual
record. On the biological side, the model climate can be used via
response-surface transform techniques to recreate aspects of the veg-
etation history of a region. The simulated pattern of vegetation in
space and time might then be compared to a proxy-data network,
e.g., pollen and microfossil and macrofossil records. Such a mesoscale
model would need accurate representations of surface physics, and a
grid fine enough to resolve important variations in topography and
surface characteristics over large watersheds. Its hydrologic com-
ponents would require careful development and validation. Lake
modifications of regional climate may have a significant impact on
the growth of large lakes. Proxy data sets on several time scales
are needed over the region of interest including that provided by a
coring program both onshore and offshore in multiple lake basins.
If methods to adjust apparent groundwater ages are perfected, the
timing of lake-level rise in one area could be compared to the timing
of groundwater recharge in the same or other areas,
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The Past 1000 Years

Special emphasis should be placed in global change research on
the past 1000 years, which incorporates the Little Ice Age and the
entire industrial period. Within this time frame, numerous proxy
records can be incorporated with archeological, historical, and in-
strumental records. The records for the past 1000 years are often
annually, and in some instances seasonally, resolvable. The research
focus should be the histcry of the climate (particularly temperature),
atmospheric chemistry, terrestrial vegetation, and patterns of oceanic
circulation and production. This focus offers an excellent opportu-
nity to exercise models of the planet’s biogeoche 1ical system as it
interacts with the physical-climate system on time scales of decades
to centuries, which are particularly relevant to global change.
This intensive study of the naturally archived records of the
past 1000 years should include comparisons with available “ground
truth” data contained in direct historical accounts such as weather
and sea records. While this sort of comparison is routinely done '
in the course of sharply focused studies of specific environmental f
i parameters—as in calibrating tree ring widths in a given locat'on in
terms of soil moisture or other meteorological parameters—such a

t study has never been organized for multiple parameters focused on
an extended test period. A more organized study of this type would
serve several purposes that would benefit the IGBP. Specifically, it
would

e illuminate more fully the transfer functions needed to inter-
pret natural archives by this use of direct, historical data as “ground
truth”;

( o establish the potential and limits of reliability of an organized,

: multiparameter study in which naturally archived data from different
sources are combined to gain a deeper knowledge of a specific period
or of specific events su-~h as volcanic eruptions; and

* maximize what is known of global change in the past 1000
years—a period that includes an increase of a factor of 30 in world
population (with accompanying changes in land use), the indus-
trialization of much of the world (with accompanying changes in
atmospheric chemistry), the onset of modern worldwide intensive
agriculture, and the full span of the most recent distinguishable fea-
ture of global climate change (the Little Ice Age, ca. 1450 to 1850
A.D.).

The naturally archived data that should be employed include
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ice cores from Greenlapd and the Antarctic (hydrogen and oxygen
isolope ratios; trace gases, including CO, and CH, and their iso-
topic compositions; sulfate and nitrate concentrations; and pollen,
atmospheric aerosols, and volcanic dust at seasonal resolution within

other chemical species, aerosols and pollen, and volcanic dust at
seasonal resolution in easily distinguished annual layers); tree ring
data, including ring width and hydrogen, oxygen, and carbon jso-
tope ratios (annual resolutjon with the potential of discriminating
spring/summer seasons in early and late wood); high-resolution ter-
restrial sediment sequences (pollen, runnoff at decadal resolution);

cores from coral reefs (hydrogen, oxygen, cadmium, and carbon iso-
tope ratios with annual resolution of evidence of humijc acid).

The period of truly extensive “ground truth” data will be limited
to at most the last 100 years of this 1000-year period, and for most
Parameters of interest, to an even shorter, more recent period. It
is the most recent epoch—say the past 50 years—that will provide
the most meaningful tests and illuminate most usefully the trans-
fer functions and their limits. Less extensive and far more regional

An obvious difficulty, however, remains—the anticipated future rates
of change will likely be far greater, and the forcing functions will be
different,.

The challenge to the modeling community is to construct models
of the biogeochemical and physical-climate systems (or components
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thereof) that are consistent with the wultiparameter observation
sets in the historic record and that are also consistent with the very
recently observed iransients in the system such as bomb !C or fossil
fuel CO,. This is a major challenge; in seeking to meet it, it may be
particularly useful to focus specifically upon periods of rapid change
within either the 1,000-year record or the 25,000-year period.

Abrupt Change

Ice core results from both the polar regions and the high-altitude
tropics contain evidence of rapid transitions from one mode of climate
to another. The dust, sulfate, oxygen isotope, and CO, records
change from full glacial to interglacial conditions in less than one
century in the Dye 3 core (Hammer et al., 1985; Herron et al.,
1985). The dust concentrations in the Camp Century, Greenland,
core show an equally abrupt iransition (Thompson, 1975). The
transition from Neoglacial Little Ice Age to current conditions in the
Peruvian Andes occurred in 3 years as reflected in the particulate
(soluble and insoluble) and oxygen isotopic records {Thompson et al.,
1986; Thompson and Mosley-Thompson, 1987). The Younger Dryas,
a brief cool period interrupting the Wisconsin (Wurm)/Holocene
transition, is another example of an abrupt transition from one set
of conditions to another.

Fine-scale sampling of peats and laminated lake sediments pro-
vides detailed studies of vegetation change. High priority should be
given to studies of vegetation dynamics during periods when inde-
pendent data from ice cores record rapid changes in the environment.
In this way lags in vegetation or ecosystem response can be measured,
and the extent to which response lags blur the record in proxy records
of rapid environmental change can be better understood.

RESEARTCIH CHALLENGES

As discussed above, research efforts should focus on reconstruc-
tion of earth system history over the past 25,000 years to encompass
the range of conditions from full glacial to full interglacial stages,
with special emphasis on the past 1,000 years to cover the period
of intensive human interactions with the system. Provisions for se-
lecting speaific events or eras within these time frames need to be
established. In particular, high-resolution studies are important for
documenting the rate of change of the earth system in the past. For
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example, the resolution of marine cores at present is too coarse to
distinguish between instantaneous changes caused by threshold ef-
fects from a nonlinear response to steady changes, such as a switch
from one mode of ocean circulation to another. New studies must be
initiated to focus on periods of rapid change to document the time
scale of change, as well as to determine rates of changes of different
responding variables in the system. It will be important to com-
pare marine and terrestrial sites to identify differences in temporal
responses in different parts of the earth system.

Models need to be developed to interpret the response of the earth
system to past changes. Specifically, models of global biogeochemical
cycling that consider nutrient interactions and of the hydrologic cycle
in specific geographic regions need to be developed. Moreover, efforts
need to focus on linking global models of the biogeochemical system
to global climate models. Physical and geological models are required
to develop and test hypotheses about causes for changes in hiological
systems observed in the paleorecord, such as Cretaceous-Tertiary and
late Pleistocene extinctions. Combining paleoecological records with
gecmorphic evidence and ice core records is necessary for determining
cause-effect relationships. In particular, investigations of the causes
of transitions from one ecosystem type to another are essential for
predicting future changes.

Finally, an accessible data and information system, with the aim
of assembling various prozy historical and instrumental data into a
coordinated and validated archive, is an essential component of a
research effort on earth system history.
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